
PHYSICAL REVIEW E 114, 024407 (2026)

Junctional-fluctuation-mediated fluidization of multi-phase-field epithelial monolayers
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We analyze a multi-phase-field model for an epithelial monolayer with pairwise adhesions between neighbor-
ing cells following an Ornstein-Uhlenbeck process, representing the stochastic turnover of junctional molecular
motors. These fluctuations in junctional adhesion result in rearrangements in the tissue, fluidizing it and
producing diffusive cell motion. Similar junctional fluctuations have proven a very useful tool in the vertex
model literature, and we hope they will be equally helpful to the multi-phase-field model approach. Moreover,
we observe that the cells’ effective diffusion coefficient depends nonmonotonically on the persistence time of
the fluctuations, confirming results previously observed in the vertex model.
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I. INTRODUCTION

The physics of epithelial cells and tissues, their rearrange-
ments, and their motion has been of long interest [1–3].
Epithelia have been studied using a range of theoretical
and computational approaches such as continuum models
[4–6], particle-based models [7–9], and cellular Potts models
[10–12].

One extensively used approach to modeling epithelial
monolayers are 2D vertex models [13–17]. In this formalism,
cells are represented as polygons tiling the surface, with their
vertices moving in response to forces. One avenue of research
in vertex models has been understanding the role of junc-
tional tension fluctuations, as would arise from the stochastic
turnover of junctional molecular motors, in the rearrangement
and motion of cells. This was modeled by the junctional ten-
sions in the vertex model following an Ornstein-Uhlenbeck
process [18–21]: such tension fluctuations can induce T1
transitions, thereby fluidizing the tissue. Notably, Ref. [21]
reported that the effective diffusion coefficient of cells in the
resulting fluidized tissue depends nonmonotonically on the
persistence time of the tensions.

Fluctuating tensions in the vertex model formalism have
proven a very useful tool and have been used in studies of,
e.g., wound healing [22], cell sorting [19], budding in three
dimensions [23,24], nematic forces with a global direction
[25], and long-range order in tissues [26]. Multi-phase-field
models [1,27–31] are another approach to modeling tissues,
representing each cell as a field. While computationally more
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expensive than vertex models, they have several advantages
in comparison to them: (i) they allow for a more detailed de-
scription of cell shape and are not limited to polygons, (ii) they
naturally capture T1 transitions without the need for a separate
implementation, and (iii) they are not confined to confluent
tilings, allowing for gaps and holes [32,33]. These advantages
could prove helpful in contexts where the fluctuating-tensions
vertex model had previously been used (e.g., spontaneous hole
closure for modeling wound healing). Therefore, in this paper,
we show and analyze an implementation of the junctional fluc-
tuations approach into the multi-phase-field model formalism.

We introduce junctional fluctuations by modifying the cell-
cell adhesion term in the model, with pairwise adhesions now
following an Ornstein-Uhlenbeck process as has been done in
vertex models. We show that, for appropriate values of the ad-
hesion fluctuation variance and persistence, these fluctuations
can indeed induce rearrangements and fluidize the multi-
phase-field model. Interestingly, we also find a nonmonotonic
dependence of the cells’ effective diffusion coefficient, as has
previously been observed in the vertex model [21].

II. PHASE-FIELD MODEL

In the multi-phase-field model, each cell i is represented by
a phase field ϕ(i)(x, t ) [29], which takes value 1 inside and 0
outside the cell. The dynamics of the phase fields are given by
the equation of motion

∂tϕ
(i) + v(i) · ∇ϕ(i) = −J0

δF
δϕ(i)

, (1)

where v(i)(x, t ) is the velocity of the phase field ϕ(i)(x, t ), F is
the free energy of the tissue, and the right hand side represents
the relaxation to a free energy minimum at a rate J0. The
velocity v(i)(x, t ) is determined in the overdamped regime by
the local force density acting on the cell,

ξv(i)(x, t ) = f (i)(x, t ), (2)
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where ξ is a friction coefficient and the force density is

f (i)(x, t ) = δF
δϕ(i)

∇ϕ(i). (3)

The free energy F = FCH + Farea + Frep + Fadh has four
contributions [29,34,35]:

FCH =
∑

i

γ

λ

∫
dx[(ϕ(i) )2(1 − ϕ(i) )2 + λ2(∇ϕ(i) )2],(4a)

Farea =
∑

i

μ

[
1 − 1

πR2

∫
dx (ϕ(i) )2

]2

, (4b)

Frep =
∑

i

∑
j �=i

κ

λ

∫
dx (ϕ(i) )2(ϕ( j) )2, (4c)

Fadh =
∑

i

∑
j∈Ni (t )

ωi jλ

∫
dx ∇[(ϕ(i) )2] · ∇[(ϕ( j) )2]. (4d)

Of these, the first is a Cahn-Hilliard term favoring phase sepa-
ration into regions of ϕ(i) = 0 or 1. This results in an interface
of width O(λ) lattice units, interpreted as the cell membrane,
with γ /λ being an energy scale. The second term is a soft area
constraint with strength μ and equilibrium cell area πR2 given
by the radius R. The third term imposes a penalty on cell-cell
overlap with an energy scale κ/λ.

The fourth term in the free energy describes the adhesion of
cell membranes by computing the dot product of the gradients
of the squares of each pair of phase fields. The inside (outside)
of a cell corresponds to ϕ = 1 (ϕ = 0) so when two phase-
field cells are next to each other, the gradients of their squares
point in approximately opposite directions. The strength of
the adhesion between cells i and j is given by ωi j , and it
is energetically favorable (unfavorable) for the interfaces of
cells i and j to overlap when ωi j is positive (negative). The
total adhesive free energy is computed as a pairwise sum over
all neighbors, where Ni(t ) denotes the set of neighbors of
cell i at time t . Two cells i and j are said to be neighbors
when their phase fields ϕ(i) and ϕ( j) both take values greater
than 0.2 on the same lattice site. This adhesive term broadly
corresponds to the line tension term in vertex models [14,19],
which captures both tension and cell-cell adhesion.

This adhesion free energy functional, which matches that
of Chiang et al. [36] and is similar to that of Nonomura [27],
differs from those of some previous works [34,37] in two key
ways. First, in this formulation, the functional derivative of
Fadh that appears on the right-hand side of Eq. (1) is propor-
tional to ϕ(i). A previous implementation of adhesion in the
multi-phase-field model [34] does not have this proportional-
ity. In developing the model presented here, we found that this
can in general lead to numerical instability when ω is large
(see Sec. I in the Supplemental Material [38]). Second, other
works have considered a single energy scale ω for all adhesive
interactions, while here we implement a set of pairwise {ωi j}
so that each pair of cells can have its own adhesion strength.

These ωi j are the avenue through which we introduce junc-
tional fluctuations to the model, representing the stochastic
turnover of junctional molecular motors. We demand symme-
try in the energy scales, ωi j = ω ji. The values of ωi j follow
an Ornstein-Uhlenbeck process, as had previously been done

in vertex models [18,19,21,25]:

dωi j (t )

dt
= − 1

τω

ωi j (t ) + ξi j (t ), (5)

where ξi j is Gaussian white noise with properties 〈ξi j (t )〉 = 0
and 〈ξi j (t )ξkl (t ′)〉 = (2σ 2

ω/τω )δikδ jlδ(t − t ′); τω is the persis-
tence time and σ 2

ω is the long-time variance of the adhesion
fluctuations. Because the strength of adhesion is only mean-
ingful between adjacent cells, ωi j (t ) is only evolved with time
if cells i, j are neighbors [determined in the same way as de-
scribed for Eq. (4d)]; otherwise, it is set to 0. This means that
when a pair of cells newly come into contacts their adhesion
is zero.

We simulate 100 cells in a rectangular domain with side
lengths Lx = 150 and Ly = 130 lattice units and periodic
boundary conditions. The cells are initialized in a regular
hexagonal geometry. We allow the system to run for 3 × 104

time units before taking measurements. Time t = 0 corre-
sponds to the start of measurements, and the simulation then
runs until time t = T = 1.8 × 105. Data about the state of the
tissue is output in intervals of length δt = 1000.

The parameters assigned to the free energy terms in Eq. (4)
are γ = 1.4, λ = 2.0, μ = 120, and κ = 1.5. The coefficient
of friction in Eq. (2) is ξ = 3.0 and the target cell area is given
by radius R = 8.0 (in lattice units). Relaxation according to
Eq. (1) is controlled by the rate J0 = 10−2. The phase-field
Eqs. (1)–(4) are solved using a one-step predictor-corrector
method. The unit of time is 1, and each unit is divided into
five timesteps. The method of solving the phase-field model
is outlined further in [29,35]. The adhesion fluctuations of
Eq. (5) are solved using a finite difference method on each
timestep.

III. RESULTS

An epithelial monolayer can change its topology through
several processes, such as cell divisions and extrusions
[6,39–41]. Fluidization of a tissue through fluctuating ten-
sions/adhesions at cell-cell junctions relies on cell inter-
calations (i.e., T1 transitions) that are able to modify
neighbor-neighbor contacts [20,39,42]. During a T1 transi-
tion, the junction between one pair of cells shrinks and a new
junction forms between another previously unconnected pair
of cells. Each of the two cells that were neighbors before the
transition loses one neighbor, while each of the two cells that
are neighbors after the transition gains one.

We first show that a T1 can be induced in the multi-phase-
field model by modulating the pairwise cell adhesions ωi j

(Fig. 1 and Movie S1). In Fig. 1(a), the cells outlined in red
are stuck together by a large positive ωi j = +10, whereas all
other pairwise adhesions are given by ωi j = 0.4. In this simu-
lation, the adhesions do not fluctuate (i.e., σω = 0). However,
we switch the adhesion parameter for the red cells abruptly
to −10, resulting in the cells being pushed apart as shown
in Fig. 1(b). The cells transition through the equivalent of
a fourfold vertex until the cell intercalation is completed in
Fig. 1(c). So that the system does not arrest before completing
the T1, we add a noise term Dϕη to the RHS of Eq. (1) for
this simulation, where η is unit-variance Gaussian noise and
Dϕ = 0.1.

024407-2



JUNCTIONAL-FLUCTUATION-MEDIATED FLUIDIZATION … PHYSICAL REVIEW E 114, 024407 (2026)

FIG. 1. A quartet of cells (a) before, (b) during, and (c) after a
T1 topological transition in an adhesive background. The red cells at
first attract with ωi j > 0 (a) and then repel with ωi j < 0 (b), while
the blue cells attract with ωi j > 0 to complete the transition (c).

We next turn to simulating a tissue with all pairwise ad-
hesions fluctuating following Eq. (5) [without the additional
Dϕη term in Eq. (1)]. We first set σω = 0.1 and τω = 103. The
resulting monolayer is shown in Fig. 2(a) and Movie S2: the
system, despite fluctuations in ωi j , is solidlike (i.e., cells do
not exchange neighbors) and remains in a regular hexagonal
lattice.

Keeping τω = 103, we next perform a simulation at a
higher σω = 1.1, with the resulting model tissue shown in
Fig. 2(b) and Movie S3. The larger fluctuations in adhesion
resulting from a higher σω can now overcome the energy
barriers associated with neighbor exchanges, enabling cells
to escape from their local neighborhood through a series of
T1 transitions and become mobile, producing a disordered,
fluidlike tissue.

To quantify the difference in mobility between the two
cases, we measure the mean-square displacement

MSD(t ) = 1

N

N∑
i=1

|r(i)(t ) − r(i)(0)|2, (6)

where N is the number of cells and r(i) is the center-of-mass
position of cell i at time t . As expected, in the solidlike model
tissue, MSD saturates at a small value (less than the cell radius
R), as shown in Fig. 2(a). In a fluidized layer, however, the
MSD grows linearly in time [Fig. 2(b)].

As a second measure of fluidization, we also estimate how
often cells gain and lose neighbors. Specifically, we compare
how the set of neighbors Ni(t ) of cell i changes between sub-
sequent outputs of the tissue state, which are separated in time
by δt = 1000. For each neighboring cell that is either added
or removed from Ni(t ), the number of the cell’s neighbor
change events �Ni is incremented by 1; as the tissue states
are only compared every δt , this does not account for every
change of the neighbor structure, but allows for a comparison
of such events between different simulations. Note that a cell
can separate and reconnect with another cell multiple times
while remaining in the same general neighborhood.

The resulting plots of �Ni averaged over all cells are shown
in Figs. 2(e) and 2(f). There are no neighbor changes in the
solidlike tissue [Fig. 2(e)] but the average number of changes
grows linearly in the fluidlike tissue [Fig. 2(f)], revealing a
constant rate of neighbor exchange. The presence of neighbor
changes, in conjunction with the diffusive MSD, discounts
solid flocking [34] as the origin of the measured cell mobility.

FIG. 2. (a), (b) Model tissue with (a) σω = 0.1, τω = 103 and (b)
σω = 1.1, τω = 103. The larger σω in (b) permits greater variance in
ωi j , which result in intercalations and diffusive behavior. Note that
the long contacts of some cell pairs arise from high adhesion between
those cells; the jagged cell interfaces in the regime of high adhe-
sion fluctuations are an artifact arising from the lattice underpinning
the multi-phase-field simulations. (c), (d) Mean-square displacement
plotted against time for the systems in (a) and (b), respectively. (e),
(f) Average neighbor changes plotted against time for the systems
in (a) and (b), respectively. The solid phase exhibits no neighbor
changes whereas the fluid phase has a constant rate of neighbor
turnover.

We then perform a scan of τω – σω parameter space and
characterize the resulting monolayers using the effective
diffusion coefficient, the average number of a cell’s neighbor-
change events, and the hexatic order parameter. These
quantities are illustrated in heatmaps in Fig. 3. The effective
diffusion coefficient is calculated as Ddiff ≡ MSD(T )/(4T ),
where T = 1.8 × 105 is the final simulation time. At a given
τω, the effective diffusion coefficient Ddiff increases with σω.
However, we find that Ddiff depends nonmonotonically on
τω [Fig. 3(a)]. This is in agreement with the observations of
Yamamoto et al. in the vertex model [21].

We then plot how the final value at t = T of estimated
neighbor change events averaged over all cells 〈�Ni〉 depends
on σω and τω in Fig. 3(b). A solid phase should exhibit
no neighbor rearrangements (except possibly initially as the
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FIG. 3. Heatmaps of (a) the effective diffusion coefficient Ddiff, (b) the final average estimated number of neighbor change events 〈�Ni〉,
and (c) final |ψ6| in τω – σω phase space. Panels (a) and (b) show that the effective diffusion coefficient and the number of neighbor change
events depend nonmonotonically on τω. Panel (c) illustrates the change from high to low |ψ6|, indicating, respectively, a regular hexagonal
lattice and a disordered state.

model tissue relaxes), whereas cells in a fluid phase should
change neighbors regularly. Indeed, we observe that for suffi-
ciently large τω and σω, neighbor changes occur at a finite rate.
Just as for the effective diffusion coefficient, the dependence
on τω is nonmonotonic, so that there is an optimal τω that
maximizes the number of neighbor change events.

Finally, the hexatic order of the model tissue is quantified
using the hexatic order parameter ψ6, famously a feature of
the KTHNY theory of crystal melting in two dimensions
[43,44], that has previously been used to characterize structure
in model tissues [26,40,45,46]. It is calculated as

ψ6 j = 1

Nj

∑
k∈N j

exp(6iθk, j ), (7)

where j, k index cells, N j is the set of neighbors of cell j,
Nj is the size of said set, and θk, j gives the angle of the
center of mass of cell k with respect to that of cell j. We
measure |ψ6| ≡ |〈ψ6 j〉|, the magnitude of the hexatic structure
across all cells in a layer. As the initial condition is a regular
hexagonal lattice, |ψ6| should take a value close to 1 for a
solidlike state and close to 0 for a fluidlike state. A heatmap of
final |ψ6| is shown in Fig. 3(c). As expected, the mean hexatic
order parameter changes from around 1 to around 0 as τω and
σω become sufficiently large, indicative of a transition from a
regular hexagonal lattice to a disordered state.

The simulations are relatively computationally expensive,
so that the final simulation time is comparable with the high-
est values of τω we consider. However, the nonmonotonic
behavior of Ddiff and final 〈�Ni〉 can already be observed
for τω < 104, so at least an order of magnitude smaller than
the simulation time (Fig. S1 [38]). Moreover, at τω = 104

and even τω = 105, the MSD plots are still approximately
diffusive on the simulation timescale (Fig. S2 [38]); the fi-
nal MSD at τω = 104 and σω = 1.5 also corresponds to cell
displacement by more than two cell diameters. Together, these
suggest that the nonmonotonic dependence on τω is a property
of the system and not a consequence of the simulation length.

In addition, the diffusive nature of the MSD at high τω

discounts that the nonmonotonic dependence arises from a
transition to a solid flock. Moreover, while the number of

neighbor changes decreases with increasing τω in this part
of the parameter space, neighbor changes do still happen
[Figs. 3(b) and S3 [38]]. Both the absence of a solid flock
and the presence of neighbor changes can be seen in Movies
S4 and S5, which show the evolution of the tissue at σω = 1.1
with τω = 104 and τω = 105, respectively.

We also remark that in our model, adhesion between newly
neighboring cell pairs is set to 0 as discussed above. However,
Yamamoto et al. [21] found that the nonmonotonic behavior in
the vertex model remained for different rules of how tension
was determined following a T1 transition. Therefore, it can
be hoped that our choice of adhesion value for new neigh-
bors also does not notably affect the qualitative results in the
multi-phase-field model. Lastly, in Sec. II of the Supplemental
Material [38], we show that the model can give cell veloc-
ity estimates that are broadly comparable with experimental
values.

IV. DISCUSSION

We studied a multi-phase-field model for an epithe-
lium [29,34] augmented with fluctuating pairwise adhesions
following an Ornstein-Uhlenbeck process, representing the
stochastic turnover of junctional motors. We showed that
adhesion fluctuations result in rearrangements leading to dif-
fusive motion of cells in the model monolayer. This provides
another fluidization mechanism for phase-field models, focus-
ing on the role of cell-cell junctions, rather than cell-scale
polar [34,47] or nematic [29,37] activity.

Such Ornstein-Uhlenbeck fluctuations have previously
been studied as a fluidization mechanism in vertex mod-
els [18–21]. Our work validates these results for a different
type of discrete cell-level model. Moreover, we find the
cells’ effective diffusion coefficient to have a nonmonotonic
dependence on persistence time in adhesion fluctuation, in
agreement with what was reported in the vertex model [21].
That study suggested the nonmonotonic dependence arises
from a separation of timescales at large fluctuation persistence
times, with the system reaching a nearly force balanced state
quickly after a rearrangement and that state then becoming
unstable again on the timescale of fluctuation persistence.
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Given the considerable range of uses the fluctuating-
tensions approach found in the vertex model literature, we
hope that the model proposed here will also be a powerful tool
for further studies using multi-phase-field models. In future
work, pairwise adhesion terms could be modified to, e.g., also
account for the length of cell-cell interfaces [48,49], respond
to local tensions [42], or depend on cell shape [50].
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