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1Rudolf Peierls Centre for Theoretical Physics, University of Oxford, Oxford OX1 3PU, United Kingdom
2School of Science and Engineering, University of Dundee, Dundee DD1 4HN, United Kingdom

3School of Life Sciences, University of Dundee, Dundee DD1 5EH, United Kingdom
(Dated: December 20, 2023)

Complex tissue flows in epithelia are driven by intra- and inter-cellular processes that generate,
maintain, and coordinate mechanical forces. There has been growing evidence that cell shape
anisotropy, manifested as nematic order, plays an important role in this process. Here we extend a
nematic vertex model by replacing substrate friction with internal viscous dissipation, of relevance
to epithelia not supported by a substrate or the extracellular matrix, such as many early-stage
embryos. When coupled to cell shape anisotropy, the internal viscous dissipation allows for long-
range velocity correlations and thus enables the spontaneous emergence of flows with a large degree
of spatiotemporal organisation. We demonstrate sustained flow in epithelial sheets confined to a
channel, thus providing a link between the dynamical behaviour of continuum active nematics and
the cell-level vertex model of tissue dynamics.

Introduction.—Collective cell migration, i.e., a coordi-
nated movement of groups of cells that maintain con-
tacts and coordinate intercellular signalling, [1, 2] un-
derlies wound healing [3, 4], cancer invasion [5, 6], and
embryonic development [7, 8]. Proper execution of these
biological processes necessitates the generation and ro-
bust spatiotemporal regulation of large-scale coordinated
flows [9]. How such tissue-scale flows emerge from coor-
dination between molecular processes and cell-level be-
haviours such as cell intercalation, division, and ingres-
sion is poorly understood.

In vitro experiments on epithelial cell monolayers
grown on soft substrates [10–13] reveal that collective
cell migration is an emergent active phenomenon that
requires maintenance, transmission and coordination of
mechanical forces over distances large compared to the
cell size. Dense cell packing and fluctuations driven by
active cellular processes lead to correlated patterns in cell
displacements [14, 15] reminiscent of the glass transition
between liquid and solid phase. This transition is related
to cell shape [16–18] and cell-cell adhesion [19], allowing
epithelia to control their rheological properties.

Theories of the physics of active matter [20–23] have
been instrumental in understanding many aspects of the
collective behaviour in epithelial cell monolayers [24–26].
Two key components in migration on substrates are ac-
tive contractile forces that cells exert on the substrate
and planar cell polarity [27]. Together, they enable di-
rectional cell motion. Models of self-propelled dense ac-
tive matter are, therefore, able to capture many aspects
of collective cell behaviours. While such models come in
many guises [28], e.g., particle-based approaches, phase-
field methods, cellular Potts models, Voronoi models, and
vertex models, in almost all cases dissipation is modelled
as being proportional to the local cell velocity. Due to

∗ These authors contributed equally to this work.
† julia.yeomans@physics.ox.ac.uk
‡ r.sknepnek@dundee.ac.uk

momentum exchange with the substrate, the momentum
of the cell layer is not conserved and the system is referred
to as being in the dry limit. [20] This is an appropriate
assumption for cells adhered to a substrate.

On the other hand, e.g. during gastrulation in avian
embryos, an extracellular matrix is not yet fully formed
and cells in the epiblast are not supported by a sub-
strate [29]. Cell movements can, therefore, only result
from forces that cells exert onto each other, which can
be modelled as active feedback between tension and the
density of molecular motors [30–35] or cell shape and
tension [36, 37]. Because there is no friction with the
substrate dissipation needs to be internal, i.e. due to the
cells moving past each other. Here we use the vertex
model with active anisotropic stress coupled to local cell
elongation [36, 38] and internal viscous dissipation pro-
portional to the vertex velocity relative to velocities of
its neighbours [39] to study active flows in tissues not
supported by a substrate. This corresponds to the wet
limit in active matter.

Using a narrow channel geometry, we show that, unlike
in the dry case, the wet active vertex model can develop
spontaneous directional flows due to long-range velocity-
velocity correlations. This model, therefore, provides the
plausible necessary ingredients for a cell-level description
of large-scale active flows in epithelia not supported by a
substrate. It also outlines a possible connection between
cell-level and continuum descriptions based on theories
of active nematics [40], that are able to capture mor-
phogenic flows [41, 42], but where the activity is intro-
duced phenomenologically. In addition to being relevant
for modelling early development, geometric constraints
have been shown to impact collective cell migration, e.g.,
by a width-driven transition from a state of no net flow to
shear flow in the elongated retinal pigment epithelial cells
and mouse myoblasts [43], or geometry-controlled global
and multinodal oscillations in Madin-Darby canine kid-
ney (MDCK) cells [44, 45].

Model.—We study the vertex model in its canonical
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form [46] in which the energy function reads

EVM =
∑
c

[
KA

2
(Ac −A0)

2
+

KP

2
(Pc − P0)

2

]
, (1)

where the sum is over all cells. KA and KP are, respec-
tively, the area and perimeter elasticity moduli, Ac and
Pc are the area and perimeter of cell c, whereas A0 and P0

are the target area and perimeter, taken to be the same
for all cells. The usual approach assumes overdamped dy-
namics with dissipation modelled as the vertex-substrate
frictional force −ηvi, where η is the friction coefficient
and vi is the velocity of vertex i. This is, however, not
appropriate for suspended epithelia and an alternative
model for dissipation is necessary, e.g., as recently pro-
posed in Ref. 39. The dissipative force on vertex i is
instead dominated by contributions arising from the dif-
ference between its velocity and the velocities of its neigh-
bours (Fig. 1). The equation of motion thus becomes

ηṙi + ξ
∑
j∈Si

(ṙi − ṙj) = −∇riEVM + facti , (2)

where ξ is the vertex-vertex friction coefficient and the
sum is over vertices j in the star Si of (i.e., connected to)
the vertex i. EVM is the elastic energy, ∇ri is the gradient
with respect to the position vector ri of vertex i, and facti

is the active force on vertex i. In the limit, ξ → 0, Eq. (2)
reduces to the familiar overdamped equation of motion.

The active force on vertex i arises from cell-level
stresses due to cell elongation [36]. It is given as f iact =
−r̃i · σc, where σc = −ζQc is the stress tensor [47]
and r̃i = 1

2 (ri+1 − ri−1) × ẑ, with ri+1 and ri−1 be-
ing respectively the vertices following and preceding i in
counterclockwise order around cell c [38, 48]. ζ measures
strength of activity and Qc =

1
Pc

∑
j ℓj t̂j⊗ t̂j− 1

2I. Here,
the sum is over all junctions j of cell c, ℓj is the length
of the jth junction, tj is a unit-length vector along said
junction, and I is the identity tensor. For sufficiently high
positive values of ζ, this model with dry dynamics gen-
erates active chaotic flows reminiscent of extensile active
nematics in terms of, e.g., the velocity profiles around
±1/2 topological defects [36]. Here we, therefore, focus
on the ζ > 0 (i.e., extensile) case. See Methods for details
of model implementation.

We choose A0 = 1, KA = 1, and ξ = 1 (η = 1)
for the wet (dry) model. This sets the units of length
as

√
A0, time as ξ/(KAA0) (or η/(KAA0) for the dry

model), energy as KAA
2
0, stress as KAA0, and the shape

parameter p0 = P0/
√
A0 ≡ P0. In these units, EVM =

(1/2)
∑

c

[
(Ac − 1)

2
+KP (Pc − p0)

2
]
. In the wet case,

η/ξ = 10−5, and, unless stated otherwise, KP = 0.02
and p0 = 3.85.

Drawing analogies with continuum models of active ne-
matics, which have a defined sequence of transitions when
confined to a channel [49], we are interested in how these
compare with active nematic vertex models under simi-
lar confinement. To create a channel, vertices of cells in
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f
i
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FIG. 1. Schematic of different friction models. a) In
the dry model, each vertex experiences a frictional force due
to the substrate. This force points in the exactly opposite
direction to the vertex velocity. b) In the wet model, friction
on a vertex is due to its motion relative to the other vertices it
is connected to, and the direction of the friction force therefore
also depends on the velocity of those vertices.

the outermost top and bottom layers were affixed to a
line, representing no-slip boundary conditions. As cells
on the channel wall have their spacing set by the starting
hexagonal lattice, but the extensile activity results in cell
elongation, they tilt at an angle to the wall. Boundary
conditions along the other dimension are periodic. See
Methods for details of channel implementation.
Results.—We first simulated a channel of width Ny =

14 cells using the dry model with activity ζ = 0.01− 0.2.
We found no evidence of channel-wide unidirectional
flows for any activity (Fig. 2a,c and Movie S1). By con-
trast, the wet model developed clear unidirectional flows
for sufficiently high activities (Fig. 2b,d and Movie S2).
To quantify flows, we measured the mean-squared dis-
placement of cells after flows emerged, confirming that
the cell movement is ballistic in the wet, but not in the
dry model (Fig. 2e, Extended Data Fig. 3 and Methods).
Moreover, the mean velocity for a given activity decreases
sharply with increasing friction (Fig. 2f). The dry model
for studied channel widths between Ny = 6 and 20 can-
not sustain unidirectional channel flows. This remains
true even if the simulation starts with wet dynamics so
that a flow profile emerges, and it is then changed to
being dry (Extended Data Figure 3 and Methods).
In Fig. 3a, we plot how the mean cell velocity along the

channel (Methods) depends on the activity and the chan-
nel width showing that both higher activities and wider
channels lead to higher mean velocities. In Fig. 3b we
plot the velocity profiles in the wet channel as a function
of the activity for Ny = 14. For sufficiently high ζ the
cell velocities reach a maximum in the centre of the chan-
nel and decrease towards the walls as in the continuum
theories [40].
For a narrow range of activities just above the crit-

ical value required for flows (up to ∼ 0.02 above the
threshold value), the flow profile across the channel in
the vertex model crosses over to that of plug flow, uni-
form, except close to the boundaries (inset of Fig. 3b).
This behaviour differs from that in continuum theories
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FIG. 2. Comparison of dry and wet model dynamics in a channel. a&b) Model tissue at t = 2 · 105 for a dry (a)
and wet (b) model at ζ = 0.1 and size Nx = 48 by Ny = 14 cells. Cell directors are shown in red. c&d) The corresponding
cell velocity profiles along x for the dry (c) and wet (d) models, averaged between t = 1 · 105 and t = 2 · 105 in increments of
∆t = 500, overlaid with the averaged director profiles (black lines). e) Mean-squared displacement as a function of time for
the dry and wet model tissues from panels a and b, respectively. The best power-law fit exponents are 1.1 (dry) and 2.0 (wet).
f) Mean velocity as a function of substrate friction for different activities. Inset focuses on the transition in linear scale. Data
for Ny = 14. Points on panel f are connected for clarity.

and is a consequence of the rhombile state that emerges
in the model [36]. At the lowest activities that allow for
sustained flows, while the model cells inside the channel
flow relative to the no-slip cells at the channel wall, the
bulk cells jam and move very little relative to each other
(Fig. 3c and Movie S3).

To investigate this further, we determined how the
threshold activities ζc for the onset of unidirectional
flows depend on activity and channel width, by per-
forming simulations that initially started at a higher
activity (ζ = 0.1 for p0 > 3.8, ζ = 0.2 for p0 ≤ 3.8)
until time t = 105 so that flows develop. After that, we
instantaneously reduced the activity to the final value
and continued the simulation until time t = 3 · 105 (inset
of Fig. 3a). Interestingly, the threshold activity does not
depend strongly on the channel width, by comparison
to the continuum theories where it is proportional to
the inverse of squared channel width [40]. This can
be explained by noting that in the jammed state there
is no motion of cells relative to each other (i.e., no
dissipation), so a force of fixed magnitude is sufficient to
cause an arbitrarily wide tissue to flow. The threshold
activity does depend on the target perimeter p0, with

higher p0 corresponding to lower ζc. This is likely
because the energy cost for T1 transitions decreases
(and eventually vanishes) with increasing p0, at least
in the passive model. However, the threshold activity
does not decay to 0 for the entire studied range of target
perimeters, up to p0 = 4 (Extended Data Fig. 2).

The ability of the wet model to form correlated
channel-wide flows suggests the existence of long-range
correlations. To investigate this further, we defined the
velocity-velocity correlation function

Cv(R) =
⟨vc · vc′⟩Rc,c′≈R

⟨vc · vc⟩c
(3)

where vc is the velocity of cell c. The average in the
numerator is over all pairs of cells c and c′ whose centres
are in the range (R−∆R,R] (using the minimum-image
convention [50]) and setting ∆R = 1. The average in the
denominator is over all cells in the tissue, hence, Cv(0) =
1. Similarly, the director-director correlation function is
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FIG. 3. Flows in a channel. a) Mean velocity as a func-
tion of activity for different channel widths in a wet model.
The inset shows the region near the threshold for simulations
starting from a flow profile (Methods). b) Velocity profile
across the channel width for different activities. The inset
shows the ζ = 0.04 profile. c) Model tissue with p0 = 3.85,
ζ = 0.04 at t = 2 · 105. All panels for Ny = 14.

given by

CQ(R) =
⟨Qc : Qc′⟩Rc,c′≈R

⟨Qc : Qc⟩c
(4)

where Qc is the tensor used in determining the active
force, and : indicates full contraction.

The correlation functions for a model with periodic
boundary conditions are plotted in Fig. 4 for varying val-
ues of the surface-vertex friction η. For the dry model,
(η = 1 and ξ = 0), both correlation functions only have
a range of ∼ 1 cell. With decreasing η while setting
ξ = 1, however, the correlation lengths very quickly be-
come significantly longer, reaching ∼ 30 cell lengths for
η = 10−5 for the velocity-velocity correlation. Indeed the
long correlations necessitate system sizes and simulation
times that are in general computationally too costly to
study with the vertex model. Specifically, a system with
4 · 104 cells was simulated until t = 2 · 104 (compared to
typically studied systems sizes of ∼ 103 cells and times
of ∼ 103). While these simulations are sufficient to es-
tablish that in the wet model, correlations are far longer
than in the dry case, it is possible that the correlations
shown in Fig. 4 for the lower η values have not yet fully
developed and may have been affected by the finite size
of the simulation box.

Discussion and Summary.—A biologically relevant re-
alisation of a channel would be a differentiated stripe
of active cells embedded in otherwise passive tissue that
would, e.g., mimic the region of an embryo that is in-
volved in convergent extension [51]. Extended Data
Fig. 4 and Movie S4 show such an example, with a stripe
of softer extensile cells (p0 = 3.85, ζ = 0.1) surrounded
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FIG. 4. Wet dynamics allow for longer-range corre-
lations in the vertex model. a&b) Velocity-velocity (a)
and director-director (b) correlation functions at ζ = 0.1 for
different values of the vertex-substrate friction η at ξ = 1, as
well as for the dry model (η = 1, ξ = 0). Both panels are for
a periodic model tissue with 4 · 104 cells at t = 2 · 104.

by a solid passive tissue (p0 = 1, ζ = 0), with periodic
boundary conditions. Again using the wet model, we
found that the differentiated cells start to flow along the
stripe. As the system is wet and periodic, the passive
bulk cells are pushed in the opposite direction. Given
that an external tissue presents a rheologically more com-
plex boundary than a simple wall, it would be interesting
to analyze our model in the context of viscoelastic con-
finement [52].
This study shows that the standard vertex model

with friction with the substrate does not reproduce the
channel-wide, unidirectional flows arising from nematic
activity. Akin to active nematics confined to a chan-
nel, a wet model with vertex-vertex friction does however
produce such flows for all studied channel widths. More-
over, wet dynamics allows a non-confined model tissue to
develop long-range correlations in velocity and nematic
order, whereas correlations in the dry model are limited
to only the scale of a single cell. A recent study using
phase-field models similarly observed longer-range corre-
lations arising as a result of cell-cell friction [53]. Unidi-
rectional channel flows have also been reported due to po-
lar forces [54–57] and chiral tension modulations [58, 59].
The results highlight the importance of different modes

of dissipation for collective active cell migration. More-
over, they show that the standard approach to vertex
model dynamics based on substrate friction may be insuf-
ficient to explain crucial processes during embryonic de-
velopment in which long-range flows emerge, e.g., as dur-
ing the formation of the primitive streak in the chicken
embryo [29]. This is especially important in some early
stage embryos where cells are not supported by a sub-
strate. Moreover, studying active nematic vertex models
in confinement offers a way to better relate them to the
well-analysed continuum active nematics, as the latter
have a defined sequence of transitions in a channel [49].
As vertex models are one of the most common mechan-
ical models of epithelia, and nematic order and activity
have recently been shown to play an important role in
that type of tissue [13, 60, 61], a better understanding of
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how to connect this cell level approach to the extensive
literature on continuum active nematic models is crucial.

METHODS

Channel model.—We studied a channel of length Nx =
48 cells starting with a hexagonal initial condition, with
all cells having their initial areas set to A0. Before start-
ing the simulation, all non-affixed vertices were perturbed
in a random direction by a displacement with magnitude
drawn from the uniform distribution [0, 0.1] so that cells
had a starting elongation.

In simulations, we used a time-step ∆t = 0.01. If a
junction length fell below 0.01, a T1 transition was per-
formed, and the length of the new junction was set to
0.011. Vertices on the channel wall were not allowed to
move as a proxy for no-slip boundary conditions, and T1
transitions were forbidden on junctions that had a vertex
on the wall.

Solving the Equations of Motion.— Since x and y di-
rections are decoupled, Eq. (2) can be rewritten as [39]

Mṙγ = fγ . (5)

For a system with N vertices, ṙγ and fγ are
N−dimensional vectors with components of, respectively,
the velocity of and the force on each vertex along γ ∈
{x, y}, and M is an N × N sparse matrix. Assum-
ing that each vertex is connected to three neighbours,
the non-zero matrix elements are, Mii = η + 3ξ and
Mij = −ξ for i ̸= j if vertices i and j share an edge.
For a fixed vertex k, Mkj = δkj and fγ,k = 0. Using
ṙγ ≈ [rγ(t+∆t)− rγ(t)]/∆t and rearranging terms gives

M rγ(t+∆t) = M rγ(t) + ∆tfγ (6)

or

rγ(t+∆t) = rγ(t) + ∆tM−1fγ . (7)

For periodic boundary conditions, M is singular for
η = 0, and η was set to at least 10−5 in all simulations
(including those of channels). Numerically, rather than
computing the matrix inverse M−1, it is more efficient to
solve Eq. (6) directly using a sparse linear system solver,
e.g. provided by the Eigen3 library [62].

Velocity and Director Profiles.— To determine the av-
erage velocity and director profiles in Fig. 2b,d and Ex-
tended Data Fig. 4, the model tissue is divided into an
Nx by Ny grid [36]. The velocity along x of the plaquette
(i, j) is

vx,(i,j) =

∑
c,t h(i,j) [rc(t)] vx,c(t)∑

c,t h(i,j) [rc(t)]
, (8)

where the sum is over all cells c and times between t =
105 and t = 2 · 105 in steps of δt = 500. rc(t) is the
geometric centre of the cell c at time t, vx,c(t) is the x

component of the velocity of cell c, defined as the average
velocity of its non-fixed vertices, and the vertex velocity
vi(t) = [ri(t) − ri(t − ∆t)]/∆t. Finally, the function
h(i,j)(r) takes the value 1 if r lies within plaquette (i, j),
and 0 otherwise.
Similarly, the Q tensor of the plaquette (i, j) is

Q(i,j) =

∑
c,t h(i,j) [rc(t)]Qc(t)∑

c,t h(i,j) [rc(t)]
, (9)

with Qc(t) being the Q tensor of cell c at time t. The
mean velocities along the channel width in Fig. 3b are ob-
tained in the same way, except that there are now only
Ny plaquettes, each representing one row along the chan-
nel.
Mean-Squared Displacement and Mean Velocity.— To

determine the mean-squared displacements shown in
Fig. 2e and used for fitting in Extended Data 3a-c, as
well as the mean velocities in Figs. 2f, 3a, and Extended
Data Fig. 2, simulations were first run from t = −105 un-
til t = 0 so that flows could emerge. When simulations
started from a flowing profile, they first ran with wet
dynamics for a 105 long interval before t = −105. We
then calculated MSD(t) = 1

Nc

∑
c |rc(t)− rc(0)|2, with

Nc being the total number of cells. Similarly, the mean
velocity along x is given as v̄x = 1

tNc

∑
c [xc(t)− xc(0)],

where xc(t) is the x coordinate of the centre of cell c at
time t. To determine the threshold activities for flows to
start in Extended Data Fig. 2, we set the threshold |v̄x|
as 10−5. For the dry model in Extended Data 3a,d,g,
simulations were first allowed to run from t = −3 · 105 to
0, and then measurements were taken to t = 3 · 105.
Analysing flows in the dry model.— To determine if

unidirectional flows are in general not possible in the
dry model, we scanned over activities in the range ζ =
0.01− 0.2, and using channel widths Ny = 6, 8, 14, and
20. While transport can be superdiffusive, unlike the wet
case, it is never ballistic: the mean-squared displacement
∼ tβ , with β < 2 in all cases (Extended Data Fig. 3).
This remains true even if one starts with the wet case
and changes it to dry dissipation after a flow profile is
developed. The superdiffusive transport arises as the re-
sult of the no-slip cells at the channel wall anchoring at
an angle relative to the wall as seen in Fig. 2a,c, hence
allowing for unidirectional flows near the wall.
To further quantify flows in the dry model, we defined

the angle θc between the velocity of a cell and the x axis
aligned with the direction of the channel. ⟨cos θc⟩ aver-
aged over cells and time is ≈ ±1 for unidirectional flows,
and≈ 0 if flows are predominantly chaotic. Alternatively,
we can analyse the modified angle θ̃c which is confined to
the range [0, π/2] so that θ̃c = 0 corresponds to the veloc-

ity in the direction along the channel, whereas θ̃c = π/2
corresponds to the velocity perpendicular to the channel.
Therefore, for unidirectional flows, ⟨θ̃c⟩ ≈ 0, whereas for

a chaotic flow, ⟨θ̃c⟩ ≈ π/4. Measurements of θc and θ̃c
indeed agree with unidirectional flow in the wet case, and
with chaotic flow in the dry case (Extended Data Fig. 3).
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EXTENDED DATA FIG. 1. Schematic of the active forces. Blue arrows show active forces on the vertices of an elongated
cell arising from the cell’s stress tensor. Red line shows the director.
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