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Cells organized in tissues exert forces on their neighbors and their
environment. Those cellular forces determine tissue homeostasis as
well as reorganization during embryonic development and wound
healing. To understand how cellular forces are generated and how
they can influence the tissue state, we develop a particle-based
simulation model for adhesive cell clusters and monolayers. Cells are
contractile, exert forces on their substrate and on each other, and
interact through contact inhibition of locomotion (CIL), meaning that
cell–cell contacts suppress force transduction to the substrate and
propulsion forces align away from neighbors. Our model captures
the traction force patterns of small clusters of nonmotile cells and
larger sheets of motile Madin–Darby canine kidney (MDCK) cells. In
agreement with observations in a spreading MDCK colony, the cell
density in the center increases as cells divide and the tissue grows. A
feedback between cell density, CIL, and cell–cell adhesion gives rise
to a linear relationship between cell density and intercellular tensile
stress and forces the tissue into a nonmotile state characterized by a
broad distribution of traction forces. Our model also captures the
experimentally observed tissue flow around circular obstacles, and
CIL accounts for traction forces at the edge.
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o move during morphogenesis, tissue repair, and cancer metastasis, cells exert forces on their extracellular environment and
neighboring cells. Understanding how cellular forces are generated
is vital for understanding those physiologically relevant processes.
More than a decade ago, traction force microscopy was developed
to measure the forces that single spreading or migrating cells exert
on their substratum, and it has since then been refined and applied
to different cell types under various conditions (1–4). In single cells,
forces predominantly arise from active contractions of the cytoskeleton, which are balanced by forces on the substrate at adhesion
sites, as well as lamellipodial protrusion forces in migrating cells (5).
More recently, interest has shifted toward deciphering the forces
that multiple cells that are adhered to each other, in either small
clusters (6–11) or larger sheets (12–17), exert on a substrate. Because
of interaction with their neighbors, cells in a tissue can behave significantly different from single cells. In particular, substrate forces
exerted by single cells are always balanced (7), meaning that the
vector sum of traction forces is zero, because inertial forces and
friction with the surrounding fluid are negligible. A cell in a tissue,
however, can have imbalanced substrate forces that are balanced by
forces on cell–cell adhesions (7). Such a behavior is observed with
clusters of 2 to about 30 nonmotile keratinocytes (8, 9) and motile
Madin–Darby canine kidney (MDCK) (7) and MCF10A breast
epithelial (10) cells. Interestingly, those clusters develop a substrate
force pattern that strikingly resembles the force pattern of a single
cell, with strong inward directed forces exerted at the edge and only
weak forces exerted by cells in the interior. This observation has led
to the notion of adhesive clusters forming a “supercell”; however, the
mechanism leading to weaker substrate forces at sites of cell–cell
adhesion is not understood.
The situation is even more complex for large spreading tissues of
several thousand collectively migrating MDCK cells (13). Although
cells at the edge still exert the strongest forces on the substrate,
forces exerted by cells throughout the tissue are nonnegligible,
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leading to a very heterogeneous traction force pattern. Traction
stresses of single cells in the tissue are unbalanced, and the net
traction forces are, on average, directed toward the center of the
spreading circular tissue. In other words, the direction of imbalanced
traction stresses in the tissue interior correlates with the direction of
traction stresses at the edge. This correlation implies that stresses on
cell–cell adhesions increase toward the interior. Despite the strong
pulling forces that cells exert on each other at the center of the
tissue, the cell density is highest there and proportional to the tensile
stress on cell–cell adhesions (13). The direction of traction force does
not, however, necessarily correlate with the direction of motion,
which is the case in the expanding circular colony. This fact was
shown in a different experiment, where cells move around a circular “obstacle” consisting of uncoated substrate area (16). The
cell sheet moves toward the obstacle, splits on contact, and rejoins
at the back, whereas the cells maintain their general direction of
migration, reminiscent of a fluid flowing around a cylinder. Substrate forces, however, are always directed away from the obstacle
center and toward the tissue interior, leading to contrary alignments between traction force and velocity vectors at the “upstream
and downstream stagnation points” (16).
The collective cell migration of tissue reorganization and wound
healing has been subject to extensive mathematical modeling. In
particular, continuum models that describe the tissue as an elastic
material were successful in reproducing the stress buildup toward
the center of a spreading tissue when cells migrate outward (18,
19). However, those macroscopic models cannot provide a conclusive description of how cells generate forces, align, divide, and
maintain tissue integrity on an individual cell level. Cellular Potts
or vertex models (20–22), phase field models (23–25), and particle
models (26–29) use a bottom-up approach instead and focus on
individual cell properties. However, these models were mainly used
to explore cellular flow patterns and tissue morphologies, and they
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Fig. 1. Particle forces in the model simulation. (A) Schematic representation
of model cells consisting of two particles. Front and rear particles exert
propulsion forces of magnitudes mf and mr , respectively, on the substrate.
On cell–cell contact, those forces change in magnitude and direction because
of CIL (the text and SI Text). (B) Interparticle forces as a function of distance
between particles. The red curve indicates intracellular force between particles of the same cell. The blue curve indicates interaction force for particles
of different cells. The parameters for interaction forces where chosen
according to the simulations in Fig. 3 (Table S1), with an assumed Rcc of 1.3
for the cell–cell adhesion force, corresponding to a cell length of l = 1.0 in
simulation units.

Results
Key Mechanisms in the Model. In our simulation, every cell is rep-

resented by two particles. We assume that particle dynamics are
overdamped because of strong adhesion to the substrate. We use a
simple Euler scheme to update particle positions and calculate the
velocity of each particle according to

1
m + f contr + f rep=adh ,
ξ

with the coefficient of friction ξ.
Particles of the same cell interact by an attractive force f contr
that increases with distance between the particles and models
intracellular cytoskeletal contraction (Fig. 1 and SI Text). Contraction is balanced by “propulsion” force m that both particles
exert on the substrate. For single cells in isolation, propulsion
forces on both particles act along the cell axis and away from the
cell center, accounting for a 1D representation of the traction
force pattern of a single cell. Cell growth is mainly driven by
those propulsion forces, because the intracellular force is only
repulsive at very short distances to prevent particle overlap. In
each cell, we distinguish front and rear particles, and if the
magnitude of the propulsion force of the front particle mf is
larger than the propulsion force of the rear particle mr, a single
cell will experience a net motility force and move along its axis
with a velocity v. The traction force that each particle exerts on
the substrate is then given by ξv − m. Nonmotile cells are characterized by mf = mr in our simulation and have a vanishing net
motility force. In other words, both particles of a nonmotile cell
are treated as rear particles.
The cells in our model can divide with a probability that depends on the cell size. It has been shown experimentally that a
high cell density can impair cell division through contact inhibition
of proliferation (41). Furthermore, it was shown that stretching of
epithelial sheets can induce cell cycle progression (42). The idea
that an optimal pressure for cell division, called homeostatic
pressure, exists was postulated in theoretical studies (43). For
simplicity, cells in our model divide with a given probability when
their length l crosses a certain size threshold instead of changing
the duration of the cell cycle with cell area. On division, two new
particles are inserted.
The interaction force between particles of different cells f rep=adh
is repulsive at short distances, modeling volume exclusion, and
max
reaches a maximum attractive force fadh
at longer distances,
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do not explain how substrate forces and intercellular stresses are
generated in cell colonies. The particle model by Basan et al. (27)
is, to our knowledge, the only microscopic model that predicts not
only velocity but also force patterns. In this model, spreading cell
colonies are initially under tension, in agreement with the experimental data; however, as the colony grows and the tissue density
increases, cells exert increasing pressure on each other (27). Consequently, the model does not reproduce the linear relationship
between cell density and tension (13). Traction forces in this model
are caused by “motility forces” that moving cells exert on the
substrate (27). Therefore, nonmotile cells do not exert forces on a
substrate at all (30), contrary to experimental observations (8).
Moreover, motility forces align with cellular velocities in the model
(27). Hence, it cannot explain the traction force pattern of cells
moving around an obstacle, where a counteralignment between
traction forces and velocities is observed at the downstream stagnation point (16).
In this article, we address those previously unexplained effects
using a more advanced particle-based simulation model for collective cell migration. In our model, both nonmotile and motile cells
exert traction forces on a substrate to balance intracellular contraction. Our model cells adhere to each other, and cell–cell contact
weakens forces on the substrate. Furthermore, substrate forces tend
to align perpendicular to a tissue boundary. A similar effect was
observed for clusters of motile cells and is referred to as “contact
inhibition of locomotion” (CIL), generally meaning that contact
with other cells suppresses the formation of lamellipodia, such that
cells tend to move away from each other (31–35). Active cell
to cell signaling mediates CIL in those cases. On a molecular
level, contact with another cell is sensed by membrane receptors
(e.g., through ephrin signaling) and integrated into the small
Rho-GTPases signaling network that determines formation of
lamellipodia and cell polarity (36). However, downstream effectors can vary in different cell types (34). In neural crest cells
and some cancer cells, RhoA is activated, leading to retraction
and motion of both cells in opposite directions (37, 38). In
contrast, Eph receptor signaling inhibits lamellipodial protrusion
through inhibiting Rac upstream of PI3K in MTLn3 breast
cancer cells (34). In the context of a spreading tissue, the tendency of cells to align away from the bulk to invade empty space
was termed “kenotaxis” (16), without the specification of a
subcellular mechanism. We hypothesize that a similar effect also
leads to supercell formation in clusters of nonmotile cells and
even in this case, denote the interaction between the presence of
neighboring cells and substrate forces as CIL, although it is not
quite accurate for nonmotile cells, which do not “locomote.” In
those clusters, polarization of cells at the edge is possibly initiated by cadherin signaling (9, 39). We do not further specify
the molecular mechanism for CIL in our model—it could be
caused by mechanical interaction between the cells or an exchange of signaling molecules (36, 40). However, CIL is represented by a short-range interaction—only close neighbors
influence substrate forces of a cell. Our model uses a mechanism
where either Rac-mediated lamellipodial protrusion or adhesion
with the substrate is impaired by the presence of neighboring
cells rather than CIL having an impact on intracellular contraction. As a consequence, cells tend to move away from their
neighbors, and their motility forces are decreased by the presence
of their neighbors.
Our model captures not only supercell formation in small clusters but also, a plethora of published data from spreading tissues,
like robust tension buildup in the center of the colony, the linear
relationship between tensile stress and cell density (13), and the
motion of cells around an uncoated surface area (16). We show
that feedback between CIL, cell density, and cell–cell adhesion
drives cells into a high-tension nonmotile state during tissue growth
and spreading.

modeling cell–cell adhesion (Fig. 1 and SI Text). In the presence
of other cells, the propulsion force m on each particle changes its
direction and magnitude because of CIL. It aligns away from
other particles in its vicinity, and the magnitude is additionally
decreased according to the number of neighbors. For both motile
and nonmotile cells, we calculate the sum of unit vectors connecting P
a particle at position ri with its neighbors at positions
rj, Ri = j,rij <Rinh ^rij, for each particle i. The propulsion force
then reads m = −mf =r R=n, where mf =r is a parameter, and n is
the number of neighbor particles within the CIL range Rinh.
Because cells can have variable lengths, both the range of the
intercellular adhesion force and CIL are adjusted according to
the cell size (SI Text and Fig. S1).
For the sake of completeness and compatibility with the earlier
model version in ref. 27, we have also implemented a cell–cell
alignment mechanism of cellular motility, in which the motility
force of each cell tends to align with the average velocity (SI Text).
To align with each other, cells switch between a motile state
(mf > mr) and a nonmotile state (mf = mr). However, the difference in the magnitude of propulsion forces between front and rear
particles for isolated motile cells is small compared with the
changes in the propulsion force induced by CIL in both motile and
nonmotile cells in our reference simulation (Table S1). Consequently, as we show below, this cell–cell alignment plays a relatively
minor role for the effects discussed here.
We note that we do not use dissipative particle dynamics as in
the model by Basan et al. (27), because we assume that substrate
friction caused by adhesion is much stronger than inter- and intracellular friction. For simplicity, we do not include any Langevin
forces; however, stochasticity in the system arises from switching
between motile and nonmotile states for cell–cell alignment, and
cell division. To calculate substrate traction stresses from particle
traction forces, local averages within a range Rtrac are taken. The
intercellular stress is calculated from interparticle forces within a
range Rh using the Hardy method (30).
Supercell Formation in Nonmotile Cell Clusters. Our model can be
applied to nonmotile cells in a tissue. Isolated nonmotile cells
in our simulation are characterized by mf = mr. When the cells
assemble into a cluster, those propulsion forces are decreased
according to our CIL mechanism. Single cells adhered to each
other will have unbalanced substrate forces. We start our
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simulation with a very small cluster of four adhering cells and
let the cluster grow by cell division (Fig. 2 and Movie S1). Our
nonmotile cells exert forces on the substrate to balance intracellular contraction, and CIL leads to high outward-directed
traction forces at the cluster edge and low traction forces in the
center. Consequently, for small colonies, our results reproduce
the experimentally observed supercell formation (Fig. 2 E–G).
As the colony grows, the cell density becomes more heterogeneous, with the consequence that high propulsion forces are not
only limited to the tissue edge but are locally observed in the tissue
bulk as well (Fig. 2H). Especially after cell division, initially small
cells have a small interaction range for CIL and therefore, exert
high forces on the substrate until they have fully spread out (Fig.
2 B and F). Nonmotile supercells are generally under roughly
uniform tension (Fig. 2 I–L); however, cell division can locally
induce slight pressure (Fig. 2 J and L).
Supercell formation with traction forces only at the outer edge is
experimentally observed for clusters of 2–30 cells (7–9). Traction
forces in larger sheets have only been measured at relatively low
resolutions (6, 11), but the results seem to agree with our model
prediction that traction forces do not remain strictly limited to the
edge in such clusters. We should also note that, although single
cells are nonmotile, small colonies can move around or rotate
because of CIL (Movie S1). CIL leads to imbalanced substrate
forces in single cells, and asymmetric clusters can have imbalanced
net edge forces. This phenomenon seems to mainly be an artifact
from our simplified cell shape. As clusters grow, they tend to become more symmetric, and additionally, the total friction with the
substrate increases, such that motion eventually stalls (ref. 35 has a
detailed discussion of cluster motion). We conclude that, although
we can show CIL and supercell formation in small clusters with our
coarse-grained simulation, it is generally better suited for larger
tissues, which we discuss below.
Expanding Cell Colony. To simulate a spreading colony, we seeded
N = 500 motile cells in the center of our computational domain
at a relatively low density. In comparison with our nonmotile
cells discussed above, we increased the propulsion force of the
front particle, decreased the maximum cell–cell adhesion force,
and changed the parameters of the intracellular force toward a
softer cell, such that cells can assume different lengths with only
small variations in contraction. The cells start dividing, moving
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Fig. 2. Nonmotile cells in small clusters form
supercells. Initially, four adhering cells are seeded on
the substrate, and the cluster subsequently grows
because of cell division. (A–D) Particles in the simulation at (A) t = 500, (B) t = 1,000, (C) t = 1,500, and
(D) t = 3,000. Particles belonging to the same cell are
additionally connected by thin lines, and the propulsion force m on each particle is shown as red arrows. N is the number of cells in the cluster. (E–H)
Magnitude of traction forces exerted on the substrate. Forces within a distance Rtrac = 0.5 of each grid
point are locally averaged. (I–L) Average normal intercellular stress calculated with the Hardy method
with Rh = 1.0 (30). Negative values (red) correspond
to tension, and positive values (blue) correspond to
pressure. Traction forces and intercellular stresses are
both averaged over 100 time steps: mf = mr = 1.3,
max
0
fadh
= 1.4, fcontr
= 0.1, Rcontr = 1.0, and Rdiv = 0.85. All
other parameters are the same as in Table S1. All
units are simulation units (Movie S1).
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outward, and filling the available space. We calculated substrate
traction stresses and intercellular stresses within the model tissue,
and the results are shown in Fig. 3. In agreement with experimental
data and in contrast to previous model versions (27, 30), stresses in
the tissue are almost exclusively tensile because of the intracellular
contraction force and CIL (Fig. S2). Moreover, tension increases
from the tissue edge to the center (Fig. 3C). Traction stresses
exerted by the tissue are heterogeneous (Fig. 3B); however, there is
a bias toward the edges, which leads to the characteristic tension
profile on integration along the x direction (Fig. 3F). The traction
force pattern (Fig. 3B) and bell-shaped tension curve (Fig. 3F) are
both in excellent agreement with experimental observations in a
spreading MDCK cell colony (13).
We also see in our simulation that the cell density in the tissue
center steadily increases as the colony expands (Fig. 3D). The
same effect has been observed in the experiment (13, 41). Tension
in the tissue follows the exact same trend, giving rise to a linear
relationship between cell density and intercellular tension (Fig.
3I), again in excellent agreement with the experimental data (13).
As the cell density increases toward the tissue center, the speed of
outward migration of the cells decreases and eventually, drops to
almost zero as the cell density crosses a threshold value (Fig. 3H).
Cells in the tissue center experience kinetic arrest (41). An increase in cell speed toward the tissue edge has been measured
experimentally in refs. 44 and 45. The relationship between cell
speed and cell density (Fig. 3H) agrees well with the experimental
data in ref. 46. We observe, consistent with the experiments in ref.
41, that CIL precedes contact inhibition of proliferation (i.e., the
density continues to increase while the motion of cells has
already stalled).
What is the feedback mechanism leading to a close coupling
between cell density and intercellular tension? Contact inhibition
aligns the propulsion forces of cells at the tissue edge away from
the bulk, such that those cells “escape.” Consequently, they reach a
distance to their neighbors close to the maximum interaction distance (above the distance for maximal adhesion) and experience
weak intercellular forces. At the same time, they make room for
their followers, which also exert large propulsion forces, because
the number of neighbors is low and CIL is weak. The ability to
exert large propulsion forces, however, increases the cell length,
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Fig. 3. Simulation of a spreading cell colony; N = 500
cells were seeded in the center of the computational
domain at t = 0 and allowed to divide and migrate
outward. (A) Total number of cells in the tissue at
different time points. The red circle indicates that
this simulation timeframe is shown in B and C.
(B) Snapshot of the x component of the traction stress
at t = 1,400 and Rtrac = 2.0. (C) Average normal stress
ðσmax + σmin Þ=2 calculated with the Hardy method
(30) at t = 1,400 and Rh = 2.0. (D) Average cell density
as a function of the x coordinate. (E) Average speed
jvm j as a function of the x coordinate. The velocity is
averaged over trelax = 50. (F) Average tension in the
x direction −σxx calculated by integrating average
traction stress Tx . In D–F, averages are taken along
the y axis within the region indicated by dotted lines
in B. (G) Distribution of the x component of particle
traction forces within the region indicated in B for
t = 400, t = 800, and t = 1,400 (colors). Exponential fit
of the data for t = 1,400 (solid black line) and
Gaussian fit of the data for t = 400 (dashed black
line). (H) Average speed as a function of cell density.
(I) Average tension as a function of cell density.
Colors indicate data from different timeframes (A).
Parameters are the same as in Table S1. All units are
simulation units (Fig. S1 and Movie S2).
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leading to a lower cell density. As the number of neighbors increases, CIL decreases forces on the substrate. Therefore, cells
cannot escape and get closer to their neighbors, and the cell–cell
adhesion force tends to assume its maximum value, making it even
less likely for cells to move away from their neighbors and driving
them into a jammed state. Moreover, low propulsion forces entail
small cells, and the density of adhesion force increases with cell
density, leading to a higher intercellular tension.
We have verified this mechanism by changing some of our
model parameters (Fig. S3). We ran a simulation without CIL,
such that all cells always exert propulsion forces of given magnitude along the cell axis like individual cells, and cell–cell alignment
is the dominant cause of tissue spreading (Fig. S3A). In that case,
pressure instead of tension starts building up in the tissue center as
the cell density increases. This behavior seems plausible, because
cells continue to exert propulsion forces even at high cell densities
and consequently, push against their neighbors. We can also vary
the extent of CIL (SI Text). When lowering the level of CIL, stress
in the tissue is tensile but does not increase toward the center (Fig.
S3B). Hence, strong CIL is required for the tension buildup.
When decreasing the maximum cell–cell adhesion force in our
original simulation to a very low value, the tissue is under uniform
low tension, whereas the density slightly increases over time,
showing that increasing values of the cell–cell adhesion force determine the high tension in the tissue center (Fig. S3D). Moreover,
the tissue spreads faster because of the lower cell density and
weaker CIL. When decreasing the intracellular contraction parameter, the tissue is unable to support increasing tension at high
cell density (Fig. S3E). When running a simulation without cell–
cell alignment, the spreading velocity slightly decreases, but the
tension buildup is undisturbed (Fig. S3F).
We next examined distributions of particle traction forces and
velocities. We performed an analysis similar to that in ref. 13,
where distributions of traction stresses were measured, and we
calculated the distribution of the x component of instantaneous
particle traction forces in a strip in the center of the tissue (Fig.
3G). At late stages of tissue spreading with high cell density, our
traction force distribution agrees well with the measured data.
It is broader than Gaussian and well-fitted by an exponential
function. At the early stages of tissue growth, however, the

Obstacle Simulations. We also simulated a tissue moving around an
uncoated circular substrate area where cells cannot adhere to the
substrate (obstacle). In the simulation, the obstacle is modeled by
setting the propulsion force mf =r to zero when particles enter the
forbidden area. Similar to the behavior of the real tissue, cells move
from the left to the right but do not enter the obstacle, although
there is no hard wall, and only frictional forces and tension in the
tissue counteract motion into the obstacle area (Fig. 4 D and E and
Movie S3). The traction forces and velocities in the simulation (Fig.
4) agree rather well with experimental data (16). In particular,
traction forces are always aligned toward the obstacle center at the
obstacle boundary (Fig. 4 A–C), and there is no obvious correlation
between the direction of traction stresses and the velocity. Although the traction force pattern agrees with the real tissue data at
the immediate obstacle boundary, the alignment of traction forces
at some distance from the obstacle is less pronounced in the simulation data, even when averaging over several simulations.
We also ran an obstacle simulation without CIL but motion
dominated by cell–cell alignment instead (Movie S4). Interestingly,
cells do not enclose the obstacle as smoothly as with CIL, because a
wake forms behind the obstacle.

Discussion
We have performed model simulations for tissues consisting of
motile or nonmotile cells to explore how cell–substrate and intercellular forces are generated in adhesive clusters and monolayers.
Our model cells interact through CIL, meaning that contact with
other cells decreases substrate forces, and propulsion forces align
away from neighbors. CIL implies that cells at the edge of a tissue
exert the strongest substrate traction forces. The fact that cells at the
edge might behave differently from cells in the tissue interior was
observed not only in cell clusters that form supercells (7–11) and
spreading tissues experiencing kenotaxis (16) but also, with leader
cells at the tip of fingers guiding the closure of model wounds (29,
47). Recently, it was shown that cell clusters consisting of nonchemotactic single cells can exhibit collective chemotaxis through
CIL (33, 35, 48).
Simulations of spreading tissues exhibit remarkable agreement
with experiments, particularly data on MDCK cells in refs. 13,
16, 41, and 46. Although cells at the edge of the spreading colony
are highly motile, a high-tension nonmotile state emerges in the
tissue interior as cells divide that is driven by a feedback between
CIL, cell density, and cell–cell adhesion. Cells in our model always consisted of two particles. Therefore, we have implicitly
assumed that the density of cell–cell adhesion sites increases with
decreasing cell size. The cell–cell adhesion force, furthermore,
varies with the distance between individual particles, giving rise
to a linear relationship between cell density and tensile intercellular stress. Although closely packed cells in the tissue
center experience high adhesion forces, cells at the edge exert
only very weak forces on each other. Hence, cells at the edge do
not physically pull their neighbors, and the mechanism for tension buildup in the center of the colony is not a tug-of-war
mechanism (13) in the classical sense, which would mean that
tension increases, because cells collectively pull outward and on
2664 | www.pnas.org/cgi/doi/10.1073/pnas.1522330113
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distribution is clearly narrower and rather well-fitted by a
Gaussian curve. The peak in the distribution at Tx = 0 that develops over time is a signature of increasing effect of CIL in our
model. As the cell density increases and consequently, CIL
becomes more relevant, more particles will experience propulsion forces close to zero. Similarly, a peak around zero develops over time in the distribution of the x component of
average particle velocity vmx (Fig. S2). The distribution has broad
tails caused by fast-moving cells at the tissue edge (Fig. S2A).
When taking into account cells in the tissue interior only, the
distribution is Gaussian, which is in agreement with the measured data in ref. 28. (Fig. S2B).

Fig. 4. Simulation of cells moving around an obstacle. Inability of cells to
adhere on the circular obstacle is modeled by setting the propulsion force to
zero when particles enter. (A) The x component of average traction stresses
at t = 600. (B) The y component of average traction stresses at t = 1,000.
(C) The x component of average traction stresses at t = 1,000. (D) Average
velocity field at t = 600. (E) Average velocity field at t = 1,000. Averages are
taken over five different simulations and for velocities, over a time trelax = 50
each. The range for averaging traction stresses is Rtrac = 1.0. The obstacle
diameter (1 mm in the experiment in ref. 16) was chosen to be 30 simulation
max
length units, which corresponds to about 30 typical cell sizes; fadh
= 0.6, and
other parameters are the same as in Table S1. All units are simulation units
(Movie S3).

each other. Our model rather suggests that motile cells at the
tissue edge tend to move away from each other, which suppresses
the formation of strong cell–cell adhesions, in contrast to cells in
the tissue interior. We speculate that this high fluidity and low
adhesion may also be required for a proper splitting of the tissue in
front and motion around the circular obstacle. However, this
mechanism does not seem to display extensive fingering at the edge
of tissue as is sometimes observed (47). Whether fingering can be
obtained by retuning the balance between adhesion and motion or
whether it requires the addition of more complex biology (such as
phenotypic differentiation into leader cells) needs to be addressed
in future work. Stronger cell–cell adhesion may also play a role for
the generation of stress waves during epithelial spreading (15).
The high-density region in the center of our spreading cell
colony shows some characteristics of a jammed state. Jamming
transitions have recently been argued to be of great importance
for tissues (17, 22, 46). In ref. 13, the broad distribution of
traction forces has been attributed to cell jamming. In agreement
with that idea, the force distribution gets broader in our simulation as the cell density in the tissue center increases and cellular motility decreases. However, this distribution does not fully
reflect the distribution of interparticle forces, which has been
used to characterize jammed systems, such as a pile of sand. In
fact, the cells in our model are not jammed in the sense that high
cell density prohibits motile cells from moving, but rather, they
actively down-regulate their propulsion forces in response to the
density. This behavior, of course, is not possible in a nonliving
system. Thus, the distribution of traction forces is a signature
of increasing relevance of CIL in our model. In addition, the
“jammed” state in our simulation exhibits strong cell–cell adhesions, in agreement with experimental observations on the
spreading MDCK monolayer. In contrast, it has recently been
suggested that lowering cell–cell adhesion forces leads to jamming in human bronchial epithelial cell layers (17).
Our model shows that traction forces of epithelia do not necessarily correlate directly with cellular motility but that cellular motion
is, rather, a result of the complex interplay between intra- and intercellular as well as substrate forces. It has been suggested that cells
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experimental observations on nonmotile or motile cells organized in
tissues. Our simulations suggest that the interaction between cell–
substrate and cell–cell adhesion forces not only is responsible
for supercell formation in small cell clusters but also, determines
the behavior of extended layers of motile epithelial cells. Our
model can robustly explain the predominance of tension in
growing tissues and the surprising correlation between increasing
density and increasing tensile forces.

actively align their direction of migration in the direction of the
intercellular stress in a process called “plithotaxis” (14, 49). In our
model, the direction of principal stress is mainly determined by the
cellular orientation, because intracellular contraction forces act
along the cell axis. However, cells do not only move along their axis,
because propulsion forces can be aligned in other directions because
of our implementation of CIL. Hence, the cells in our model do not
always exhibit plithotaxis. However, this fact may be a consequence
of our simplified cell representation, and allowing cells to assume
more complex shapes might be necessary to more carefully study the
relationship between principal stress direction and velocity.
In conclusion, we have shown that inclusion of CIL enables
us to create a particle-based model that can explain many
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