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Contraction-deformation coupling enables the wave-driven morphodynamics
and mode-locking of confined active gel droplets
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Wavelike patterns play fundamental roles in living systems, from single cells to cell collectives, organizing
essential functions from wound repair to morphogenesis. While biochemical waves are well established, it
remains unclear how the force propagation of cytoskeletal contraction waves regulates cell morphology and
migration. Here, we investigate a generic mechanism by which an active droplet exhibits diverse morphody-
namics with contraction waves, using a minimal numerical model relevant to living and synthetic cells. We
develop a theoretical model in which active gels, representing the active cytoskeleton, generate contraction waves
inside a deformable phase-field droplet. The feedback between contraction and deformation organizes cell-like
motility modes and revolving contraction waves with unique symmetries. We demonstrate that time-dependent
confinement acts as an external driving frequency, entraining contraction waves into a mode-locked revolving
state. Our results provide a dynamical-systems perspective on how the coupling of contraction waves and shape
deformation of active gel droplets coordinates diverse morphodynamics, a principle relevant to nonequilibrium
systems under confinement from living cells to lifelike synthetic cells.

DOI: 10.1103/cnn8-lrdx

I. INTRODUCTION

Wavelike phenomena in living systems play versatile and
essential roles in biological function. Wave patterns of bio-
chemical signals guide cell motility and coordinate collective
cell organization [1], while directional waves triggered at
wound sites orchestrate epithelial and embryonic repair [2,3].
At single-cell level, cytoskeletal reaction-diffusion waves co-
ordinate cell division [4] and adherent cell migration [5] by
generating forces and reshaping the actin cortex. These self-
organized waves transmit mechanochemical information that
governs cell morphodynamics across space and time.

How adherent cell migration is driven by reaction-diffusion
waves of biochemical signals, coupled to the force genera-
tion of the actin cytoskeleton, has been extensively studied
[6,7]. In contrast, nonadherent cell migration [8,9] and the
movement of cell-extract droplets [10] are accompanied by
“contractile actomyosin waves” [Fig. 1(a)]. Unlike reaction-
diffusion waves that propagate toward the cell periphery
to generate protrusions [11], contractile waves move back-
ward during cell migration, transmitting nonspecific friction
forces to the substrate and propelling the cell body forward
[8,10,12,13]. While the actin flow-friction-driven mechanism
of migration is well established [13], contractile waves are
typically overlooked and approximated as a uniform, averaged
flow [8–10]. Thus, how contractile waves contribute to the
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regulation of cell morphodynamics and migration remains
unclear.

To explore the coupling between contractile waves and
cell or droplet morphodynamics, theoretical models of de-
formable interfaces are essential. Recent developments in
phase-field models, which describe cells as deformable in-
terfaces, have been widely successful in capturing cellular
behaviors accompanied by significant morphological changes.
Here, we develop a minimal numerical model of single-cell
and cell-extract droplet migration driven by contractile waves.
We adopt an active gel theory [14] coupled to phase-field
model to investigate how contractile waves drive interfacial
morphodynamics. We find that the coupling strength be-
tween wave contraction and shape deformation determines
the transition from nonmotile to motile states, giving rise
to “revolving waves” with unique symmetries. While it has
been widely explored that the active gels within phase-field
droplets exhibit migratory behaviors [15–25], the distinctive
finding in this study is not the droplet motility itself, but the
wave-driven revolving morphodynamics and its mode locking
under time-dependent confinement. We demonstrate that the
waveform of revolving waves is controlled by the geometry
and angular velocity of the rotating confinement, providing
a dynamical-systems perspective into how wave contraction
and shape deformation coordinate under dynamically varying
environments.

II. RESULTS

A. Theoretical description of active gels coupled
to deformable interfaces

We developed a numerical model of motile active gel
droplets driven by contractile waves in a two-dimensional
(2D) system. The basic setup includes a confined active gel
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FIG. 1. Active gels coupled to a droplet interface drive contractile wave-driven motility. (a) Schematic of migrating living cells or cell-
extract droplets accompanied by contractile actomyosin waves. (b) Theoretical model setup. A phase-field φ describes the inside (φ = 1) and
outside (φ = 0) of a droplet. The active gel with density ρ undergoing assembly (rate kp) and disassembly (rate kd) is confined inside the
deformable interface. The gel is interacting to the interface with coupling strength β, and the active stress σactive induces the deformation of
the interface. (c) Time-lapse images showing droplet motility induced by the contractive waves of active gels (Movie S1 of the Supplemental
Material [38]). The density of active gels ρ (top) and phase-field φ describing the droplet interior (bottom) are shown for Pe = 33 and β = 43.5.
The gray arrows represent velocity field of the gel. (d)–(f) Various motility modes (Movie S2 of the Supplemental Material [38]). Snapshots
showing straight [panel (d), Pe = 35 and β = 39], rotation [panel (e), Pe = 31 and β = 43], and run-and-tumble [panel (f), Pe = 38.4, β = 36,
and R = 4.8] modes. The density of active gel ρ (left) and phase-field φ (right) are shown. The full droplet trajectory is drawn as a blue line
with a dashed gray arrow, where droplet outline is drawn in gray, and its centroid is marked as a red circle. Droplet outlines are overlaid at
different time points with color code. The bottom kymograph shows time-angle dependence of radial length R(θ, t ) measured from droplet
centroids. Scale bars represent 2.

within a phase-field droplet domain [21,26–28] [Fig. 1(b)].
The dynamics of active gels are governed by overdamped
force balance and viscous dissipation, which is given by

[21,26,29–32]

∇ · (σvis + σa ) = γ v. (1)
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The force-balance equation (1) includes an active stress σa

generated by the gel, damping from internal viscous stress
σvis (see Sec. V for details) and external friction from the
cytoplasm and the substrates −γ v, where γ is the effective
friction coefficient and v is the velocity of the gel. The mass
conservation is given by

∂ρ

∂t
+ ∇ · (ρv) = D∇2ρ + kp − kdρ, (2)

which describes a gel of density ρ that undergoes assembly
and disassembly (rates kp and kd), diffuses (diffusion constant
D), and is advected by the active stress. It is worth noting
that the gel density ρ can be interpreted as the density of the
actomyosin complex in experimental systems [26,27,32–35].
Starting from two-component mass conservation equations
of actin filaments and myosin motors, a single-component
mass conservation equation for the actomyosin complex den-
sity is derived under the assumption that microscopic myosin
binding and unbinding kinetics (on the order of seconds
[36,37]) are much faster than cellular-scale actomyosin con-
traction dynamics (on the order of minutes [8,10]) (Note S1
of the Supplemental Material [38]).

The active gels are confined within a phase-field domain
φ, representing a spatial confinement such as inside of living
cells or cell-extract droplets:

∂φ

∂t
= Dφ∇2φ − 	φV ′(φ) − βv · ∇φ. (3)

In the phase-field equation [Eq. (3)], Dφ describes the
effective interfacial tension [21]. The second term with V ′(φ)
is the derivative of the double-well potential V (φ), whose
fixed points describe the outside (φ = 0) and inside of the
droplet (φ = 1) [Fig. 1(b)] (see Sec. V for details). This
term restores the instantaneous droplet volume toward a target
volume. The droplet interface has a characteristic width of
(8Dφ/	φ )1/2. The last advective term in Eq. (3) represents the
interaction between the active gel and the deformable inter-
face. The effective interface-gel interaction is controlled by
coupling strength β, which represents contractile [21] or pro-
trusive interaction [16,18] depending on the sign of coupled
active gel-induced stresses. Alternative formulations of the
interface-gel coupling have been reported in previous studies
[28].

The isotropic active stress was assumed to be a function
of gel density, σa = ζ f (ρ)I, where ζ is the active stress
amplitude, f (ρ) is a dimensionless function describing the
density dependence, and I is the identity matrix. We chose the
form of density dependence as f (ρ) = ρ3/(ρ3 + ρ3

0 ), with ρ0

a constant [21,32]. The thresholdlike nonlinear dependence
on gel density was chosen to model the sharp increase in
contractility with increasing actomyosin network density (i.e.,
rigidity percolation [39–41]), as observed during contractile
wave generation in cell extracts [10,26,42–44], and in actin
flows in migratory blebs [45]. Previous theoretical works de-
scribing the actin cytoskeleton used a cubic dependence of
active stress on gel density [35,46]. This is reasonable for
filament-motor systems [35,46], given that the two filaments
and a motor are required to generate contractility, and motor
density is expected to be proportional to filament density. We
confirmed that such nonlinearity in the density dependence

of active stress is essential to induce contractile waves and
droplet motility (Fig. S1 of the Supplemental Material [38]).
The other choices could be made to describe flow or transient
contractile waves [21,26,31,32], which may result in different
phase behaviors.

Additionally, it is worth noting that the main physical ef-
fect of the thresholdlike dependence of the active stress is to
enhance the surface-to-bulk contrast of the active gel, thereby
expanding the parameter regime in which ring-shaped waves
can form. Our previous work demonstrated that localized gel
assembly near the droplet periphery was sufficient to induce a
transition from steady flow to ring-shaped wave with a linear
density dependence of f (ρ), but only when a sufficiently large
ratio of surface-to-bulk gel assembly rate was established,
e.g., ksurf

p /kbulk
p > 2.5 at Pe > 60 [26]. In contrast, incorporat-

ing a thresholdlike nonlinear dependence of the active stress
promotes gel accumulation near the periphery of a droplet,
allowing contractile waves to emerge over a broader param-
eter range, ksurf

p /kbulk
p > 1 at Pe > 30 (Figs. S2 and S3 of the

Supplemental Material [38]). This robust contractile wave for-
mation makes the present model well suited for investigating
wave-driven droplet morphodynamics over a broad region of
the phase space.

The full set of equations was nondimensionalized to reduce
the parameter space to its essential dimension:

∇2v + λ∇(∇ · v) + ∇ f = v, (4)

∂ρ

∂t
+ Pe∇ · (ρv) = ∇2ρ + kp − kdρ + ερ∇2 δE

δρ
, (5)

∂φ

∂t
= Dφ∇2φ − 	φV ′(φ) − βv · ∇φ. (6)

The last term in Eq. (5) is an effective energy to im-
pose an effective no-flux boundary condition to constrain
the gel within the droplet as previously introduced [21]
(Sec. V). The length and time were normalized by a charac-
teristic length scale l = (η/γ )1/2 and timescale τ = η/(Dγ ).
Rescaled parameters were refined as ρ/ρ0 → ρ, (kpτ )/
ρ0 → kp, and kdτ → kd. The contractility of the gel is effec-
tively controlled by the Péclet number (the ratio of advective
transport to diffusion), Pe = Ul/D = ζ/(Dγ ), where charac-
teristic active transport speed U = ζ/(ηγ )1/2 was introduced.
The constant λ associated with viscosity was assumed to be
λ = 1/3 to simplify the momentum balance equation [21,47]
(see Sec. V for details).

To model the localized assembly of cytoskeletal filaments
beneath the cell plasma membrane or along the inner surface
of cell-extract droplets, the assembly rate kp near the droplet
interface was set to be an order of magnitude larger than in the
interior bulk, consistent with previous experimental observa-
tions and theoretical models [10,26,43,48] (Sec. V) (Fig. S3
of the Supplemental Material [38]). It should be noted that the
enhanced assembly rate near the droplet boundary replenishes
gel assembly and provides mass for contractile flows, but does
not directly generate a boundary-normal protrusive velocity
in contrast to previous works [16,18]. We confirmed that
the transition from nonmotile to motile states remains robust
across broad variations in the surface-to-bulk assembly rate
ratio and the assembly and disassembly rates (Figs. S4–S6 of
the Supplemental Material [38]).

043109-3



RYOTA SAKAMOTO AND ARASH ABEDIJABERI PHYSICAL REVIEW RESEARCH 8, 043109 (2026)

It is worth noting that the coupling term −βv · ∇φ acts
only within the diffuse interface layer of characteristic width
linterface ∼ (Dφ/	φ )1/2. Consequently, linterface and β are not
entirely independent, as a broader interface could enhance
the effective coupling by extending the region over which
this term acts. To assess this effect, we varied the interface
width while keeping β fixed. We found that the droplet motil-
ity is largely independent of linterface, demonstrating that the
observed motile behavior is robust with respect to the diffuse
interface width (Fig. S7 of the Supplemental Material [38]).
Furthermore, the interfacial width used throughout the main
text, linterface ≈ 0.086, is approximately one order of magni-
tude smaller than both the gel correlation length (lc = 1) and
the droplet radius (R = 4.2), ensuring a clear separation be-
tween the interfacial width and the characteristic length scales
governing the gel dynamics and droplet geometry.

The set of nondimensionalized equations was numerically
solved using semi-implicit spectral methods (Sec. V). In the
main text, the effective contractility Pe and coupling strength
β were systematically varied to explore their influence
on active gel droplet morphodynamics. The other parame-
ters were kept fixed unless otherwise specified, as follows:
kp = 0.0125, kd = 0.001, Dφ = 8, 	φ = 1100, and ερ = 2.
The initial droplet shape was a circle with radius R = 4.2. The
initial gel density was set to ρ = 15 with small noise (uniform
between 0 and 3) if φ > 0.99 and ρ = 0 otherwise.

B. Contractile waves drive diverse motility modes

We found that numerical simulations of “active gel
droplets” exhibit contractile waves [Fig. 1(c); Movie S1 of the
Supplemental Material [38]; Pe = 33 and β = 43.5], which
drive diverse motility modes and dynamic shape changes,
including straight, rotational, and run-and-tumble motion
[Figs. 1(d)–1(f); Movie S2 of the Supplemental Material
[38]]. The motility modes were classified based on the persis-
tence time extracted from the droplet velocity autocorrelation
(Fig. S8 of the Supplemental Material [38]). These morpho-
dynamics resemble those observed in migrating cells and
cell-extract droplets [8,10], where experiments indicate that
actin-membrane interactions play a key role in driving migra-
tion [10,49]. To test the impact of interface-gel interaction,
the coupling strength β and the effective contractility Pe
were systematically varied as key control parameters. Below
β ∼ 38, droplets remained circular and exhibited periodic
contractions of ring-shaped waves, consistent with previous
numerical studies [26] [Fig. 2(a), Movie S3 of the Supplemen-
tal Material [38]]. Above β ∼ 38, contractile waves perturbed
the droplet position and shape, eventually triggering motility
as the droplet broke its symmetrical configuration [Fig. 2(a),
Movie S3 of the Supplemental Material [38]].

To quantitatively characterize the nonmotile to motile tran-
sition, we analyzed the droplet centroid trajectories over
the simulation time course and computed total displace-
ment, dtot , in a Pe–β phase diagram [Fig. 2(b)]. Notably, the
total displacement exhibits a jump from dtot � 20 to dtot �
40 by increasing the coupling strength β. In the follow-
ing analysis, we classify droplets with total displacement
dtot < 30 as nonmotile and those with dtot > 30 as motile.
Mean-square displacement (MSD) of the long-term droplet

trajectory exhibits a clear difference in which motile droplets
are ballistic (MSD ∝ �t2), while nonmotile droplets are dif-
fusive (MSD ∝ �t) due to shape changes caused by periodic
wave contractions [Fig. 2(c); data along the phase boundary
are shown]. The representative motility modes of straight,
rotational, and run-and-tumble motion [Figs. 1(d)–1(f)] cor-
respond to ballistic, confined, and persistent random walk
dynamics, respectively, as characterized by MSD (Fig. S9 of
the Supplemental Material [38]). Ballistic motility has previ-
ously been observed in cell-extract droplets [10]. Persistent
random walk motion is characterized by short-time ballistic
and long-time diffusive dynamics and has been widely re-
ported for nonadherent cells exhibiting contractile actomyosin
waves under confinement [8,50].

We verified the phase diagram at lower effective contractil-
ity (Pe < 30), where we identified the contractility-dependent
transition from nonmotile to motile states, consistent with
previous numerical models incorporating actomyosin flow
[21] (Fig. S10 of the Supplemental Material [38]). Since our
study focuses on how interface-gel coupling strength impacts
motility transition, we examine sufficiently high Pe values to
ensure robust motile behavior and avoid complexities arising
from Pe-dependent transitions. We confirmed that increasing
droplet size resulted in the transition from nonmotile to motile
state when effective contractility Pe was fixed (Fig. S11 of
the Supplemental Material [38]), consistent with previous nu-
merical models [21].

C. Polarized active gels are coupled to shape deformation
and persistent motility

Strong interfacial coupling of active gels triggers droplet
motility, but how does that influence droplet morphology?
To quantify dynamic shape changes, we analyzed the con-
tour shape of droplets [Fig. 2(d)]. Contour position was
extracted from the phase field (Sec. V). We then computed
the radial length R(θ, t ) and the amplitude of deformation
u(θ, t ) = R(θ, t ) − 〈R(θ, t )〉θ in polar coordinates centered
at droplet centroid, where 〈R(θ, t )〉θ is the mean radius
averaged over θ at time t . The time-angle kymograph of
amplitude at weak coupling strength exhibits a small fluctu-
ation [Fig. 2(e); β = 30 and Pe = 36], while that of strong
coupling strength exhibits a large stable amplitude over
time [Fig. 2(f); β = 43.5 and Pe = 36]. Notably, equal-angle
autocorrelation of the deformation amplitude, Cθθ (�t ) =
〈u(θ, t )u(θ, t + �t )〉θ,t/〈u(θ, t )2〉θ,t , exhibits a long-tail cor-
relation for motile droplets, reflecting their stabilized de-
formation, while that of nonmotile droplets rapidly drops
to zero [Fig. 2(g)]. The time-averaged aspect ratio of the
droplet shape, 〈α〉t , significantly increases from 〈α〉t ∼ 1.1 to
〈α〉t ∼ 1.4 by increasing the coupling strength β (Sec. V)
(Fig. S12 of the Supplemental Material [38]), consistent with
the symmetry breaking of droplet shape upon nonmotile to
motile transitions in other active droplet models [21,51]. To-
gether, these results suggest that stabilizing the deformed
droplet shape is a key requirement for sustaining droplet
motility.

To understand how motility and shape changes are
stabilized by active gels, we analyzed the polarity P, de-
fined as the normalized center of mass of active gel
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FIG. 2. Droplet motility is coupled to stable shape deformation and polarized gel distribution. Quantitative characterization of motility
[panels (a)–(c)], shape [panels (d)–(g)], and polarity [panels (h)–(k)]. (a) Time-lapse images showing a nonmotile droplet under weak coupling
strength for Pe = 36, β = 30 (left), and a motile droplet under strong coupling strength for Pe = 36, β = 43.5 (right) (Movie S3 of the
Supplemental Material [38]). The density of active gels ρ (top) and phase-field φ describing the droplet interior (bottom) are shown. (b) Pe–β

phase diagram with color-coded total displacement, dtot . We classified motile and nonmotile droplets with the criteria: motile for dtot > 30
and nonmotile for dtot < 30. (c) Mean-square displacement over lag time �t (n = 10 in motile; n = 11 in nonmotile). The data points were
extracted in the vicinity of the phase boundary. The dashed lines are eye guides for MSD ∝ �t2 for ballistic motion and MSD ∝ �t for
diffusive motion. Curves are mean ± SEM. (d) Contour shape analysis. The distance from the centroid, R(θ, t ), was used to calculate the
amplitude, u(θ, t ) = R(θ, t ) − 〈R(θ, t )〉θ , where 〈·〉θ denotes the average over angle θ . (e) Time–θ kymograph of the amplitude at weak
coupling strength for Pe = 36 and β = 30. (f) Time–θ kymograph of the amplitude at strong coupling strength for Pe = 36 and β = 43.5.
(g) Equal angle autocorrelation of amplitude over lag time (n = 10 in motile; n = 11 in nonmotile). Curves are mean ± SD. (h) Schematic
showing the definition of polarity parameter P. The polarity parameter approaches 1 for polarized and 0 for nonpolarized gel distribution. The
integral is taken along the droplet contour s. (i) Pe–β phase diagram with color-coded polarity averaged over time, 〈P〉t . Inset: Scatter plot
showing average polarity vs total displacement (n = 70 in motile; n = 155 in nonmotile). Each point corresponds to different set of Pe and

β in the phase diagrams (b) and (i). (j) Schematic showing the definition of instantaneous polarity vector
→
p(t ) and motile direction �vc(t ). (k)

Cross-correlation of polarity vector and motile direction over lag time �t (n = 10 in motile; n = 11 in nonmotile). The minus sign is applied
since the polarity and velocity are defined in opposite directions. Curves are mean ± SD. Scale bars represent 2.

distribution near droplet interface: P = | ∫s �rρ ds|
(R0

∫
s ρ ds) , where

→
r is

the contour position, R0 is the initial droplet radius, and the
integral is taken along the contour length s [Fig. 2(h)] (Sec.
V). The polarity quantifies the extent of polarized distribution
of the gels, where P → 1 and P → 0 represent polarized
and nonpolarized gel distributions, respectively. The polarity

averaged over time, 〈P〉t , exhibits a jump from P ∼ 0 to
P ∼ 0.8 by increasing the coupling strength β [Fig. 2(i);
Fig. S12 of the Supplemental Material [38]], consistent
with the trends observed in the total displacement. In-
deed, the scatter plot for average polarity 〈P〉t versus total
displacement dtot exhibits a positive correlation [Fig. 2(i),
inset].
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To gain insights into how polarized gels stabilize motile
direction over time, we analyzed the cross-correlation be-
tween polarity vector

→
p (t ) and the motile direction of the

droplet centroid �vc(t ) at each time point [Fig. 2(j)]. Notably,
the cross-correlation between polarity and motile direction
〈→p (t ) · �vc(t + �t )〉t exhibits a large correlation in motile
droplets, indicating that the gel polarization is strongly
coupled to the motile direction [Fig. 2(k)]. The polarity
autocorrelation 〈→p (t ) · →

p (t + �t )〉t exhibits a long-tail corre-
lation, reflecting the stabilized polarity in motile droplets (Fig.
S12 of the Supplemental Material [38]). A similar coupling
between motile direction and polarity has been reported in
cell-extract droplets [10], while a coupling of motile direction
and speed has been reported in adherent living cells [52].
These results demonstrate that stabilized gel polarity is essen-
tial for persistent droplet motility.

D. Linear stability analysis of coupled phase-field
and active gel dynamics

To quantitatively examine the mechanism underlying
the motility transition in our coupled system, we calcu-
late the growth rate (ω) of fluctuations around the sym-
metric base state using an approximate representation of
the one-dimensional symmetric steady-state solution, X0 =
[φ0(x), ρ0(x)], while retaining the full linear coupling be-
tween the phase-field and active gel, together with the
corresponding hydrodynamics (see Note S2 of the Supple-
mental Material [38] for details) [21]. Our analysis identified
an instability controlled by the coupling strength β (Fig. S13
of the Supplemental Material [38]). At sufficiently large β, the
leading eigenmodes acquire a nonzero imaginary component,
Im(ω) �= 0, indicating the emergence of oscillatory dynam-
ics. Near β ≈ 36, the leading eigenmodes become unstable
with Re(ω) > 0, with the most unstable eigenmode becoming
predominantly odd in its spatial structure. The resulting odd
mode provides a symmetry-breaking perturbation consistent
with the onset of polarized active gel distribution and per-
sistent motility observed in the 2D simulations (Fig. S13 of
the Supplemental Material [38]). Thus, our results reveal an
instability arising from advective feedback between the phase-
field and active gels, characterized by interface localization,
oscillatory dynamics, and symmetry-breaking perturbations at
the onset of motility.

It should be noted that the droplet motility modes observed
in the present study are broadly consistent with previous theo-
retical studies of cell migration and active droplets [15–25].
Our objective, however, is not to investigate the details of
migration modes, since oscillatory, rotating, and persistent
motions have already been extensively documented in pre-
vious works. Rather, we hereafter focus on the active gel
dynamics inside deformable interfaces, and on how interfacial
deformation feeds back to drive the self-organization of active
gels.

E. Revolving waves with specific modes emerge
at the phase boundary

Remarkably, we found “revolving contraction waves”
near the phase boundary of nonmotile to motile transition
[Figs. 3(a)–3(d)]. The revolving waves exhibit characteris-
tic rotational symmetries: a wave with one pole [monopolar

wave; Fig. 3(a); Movie S4 of the Supplemental Material
[38]], two poles extending from the opposite ends [bipolar
wave; Fig. 3(b); Movie S5 of the Supplemental Material
[38]], or three poles extending by separating 120° [tripo-
lar wave; Fig. 3(c); Movie S6 of the Supplemental Material
[38]]. The droplet shape approximately reflects the rotational
symmetry of revolving waves, indicating a mode coupling
between the wave contraction and the shape deformation. The
revolving waves often transiently emerge, eventually trigger-
ing droplet motility (Movie S7 of the Supplemental Material
[38]). The emergence of revolving waves highlights a unique
role of the deformable interface, which not only responds
passively to the enclosed active gel but also guides its
dynamics through contraction-deformation coupling. These
results together demonstrate the importance of wave-driven
contraction-deformation coupling to organize diverse mor-
phodynamics of active gel droplets [Fig. 3(d)].

F. Controlling the modes of revolving waves
through rotating confinement

To gain further insights into the mechanism of revolving
mode selection, we designed a numerical experiment im-
posing dynamic deformations on active gel droplets using
a potential field (Sec. V). Based on the observations at the
phase boundary, we implemented characteristic geometrical
confinements for the droplets, including a circle, ellipse, trian-
gle, and square, which were rotated at an angular velocity ωrot

(deg/frame) [Fig. 4(a)]. Strikingly, confinement-dependent re-
volving modes emerged, including quadrupolar waves that
were not observed in unconfined droplets [Fig. 4(b); Movie
S8 of the Supplemental Material [38]]. It is noteworthy
that revolving waves emerged at a specific angular velocity,
reflecting the coupling between the timescales of periodic
contraction and droplet shape deformation [Fig. 4(c); ωrot =
28 for bipolar waves; Movies S9–S12 of the Supplemen-
tal Material [38]].

To identify the characteristic angular velocity at which
revolving waves emerge, we analyzed the equal-time angular
correlation of gel shape deformation amplitude, Ctt (�θ ) =
〈ugel(θ, t )ugel(θ + �θ, t )〉

θ,t/〈ugel(θ, t )2〉
θ,t (Sec. V) (Fig.

S14 of the Supplemental Material [38]). The maximum value
of the shape correlation, Cmax

tt , measures the extent to which
the gel retains specific shape, showing that each revolv-
ing wave mode emerges around a certain angular velocity
[Fig. 4(d)]. As the wave number increases, the peak angular
velocity decreases. This trend is explained by the intrinsic
wave period in a droplet without confinement, where it takes
time T0 � 5.3 to periodically generate ring-shaped waves
(Fig. S15 of the Supplemental Material [38]). For the bipolar
wave as an example, it takes twice longer time, Tbipolar =
2T0, to generate the two stable waves simultaneously, given
the same contractility and gel assembly rates. Thus, the fre-
quency of bipolar wave is ωbipolar = 2π/Tbipolar × (180/π ) �
34, comparable to the peak angular velocity ω

peak
rot � 28 for

the bipolar wave. This is applicable to the other revolving
wave modes, showing a trend similar to that of the peak angu-
lar velocities: monopolar, ωmono = 2π/T0 � 68 (ωpeak

rot � 40);
tripolar, ωtri = 2π/(3T0) � 23 (ωpeak

rot � 20); and quadrupolar,
ωquad = 2π/(4T0) � 17 (ωpeak

rot � 16).
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FIG. 3. Revolving waves with rotationally symmetric modes emerge at the phase boundary. (a) Snapshot showing monopolar waves for
Pe = 43 and β = 40 (Movie S4 of the Supplemental Material [38]). The left is active gel density ρ, and the right is corresponding phase-field
φ. White arrows indicate the direction of revolving. The corresponding time − θ kymograph of the amplitude of droplet shape deformation
is shown. (b) Snapshot showing bipolar waves for Pe = 37 and β = 37 (Movie S5 of the Supplemental Material [38]). The left is active gel
density ρ, and the right is corresponding phase-field φ. The corresponding time–θ kymograph of the amplitude of droplet shape deformation
is shown. (c) Snapshot showing tripolar waves for Pe = 33 and β = 37 (Movie S6 of the Supplemental Material [38]). The left is active gel
density ρ, and the right is corresponding phase-field φ. The corresponding time–θ kymograph of the amplitude of droplet shape deformation
is shown. (d) Schematic summarizing the wave-driven morphodynamics of active gel droplets. Nonmotile to motile transition is controlled by
the interfacial-gel coupling strength, where revolving waves emerge at the phase boundary as transient states (left). Each phase is characterized
by the unique morphodynamics of the contractile waves and the droplet shape (right). Scale bars represent 2.

This result suggests that a mode-locked oscillatory state
emerges under rotational geometric confinement. The mode-
locked nature is supported by three characteristic behaviors:
(1) the wave number (mode) is determined by the correspond-
ing geometric mode of the confinement; (2) each wave mode
spontaneously emerges at its characteristic frequency; and (3)
wave modes whose characteristic frequencies do not match
the rotational frequency of the confinement are suppressed or
entrained by the imposed rotation. Consequently, a specific
wave mode persists only when its characteristic frequency
matches the rotational frequency of the confinement, result-
ing in the emergence of distinct wave modes only near their

corresponding rotational frequencies [Fig. 4(d)]. Together,
these results indicate that time-dependent confinement acts
as an external periodic drive that reshapes the dynamics
of revolving contraction waves, giving rise to mode-locked
oscillatory states through temporal coupling between wave
contraction and droplet-shape deformation.

G. Revolving wave velocity is determined by a balance between
gel assembly and force generation

To better understand how the dynamical feedback be-
tween the force generation and assembly of active gels
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FIG. 4. Controlling the mode of revolving waves using rotating confinement. (a) Schematic showing confinement geometry with different
modes. Mode n = 1 is a circle with off-centered rotation with angular velocity ωrot; the other modes are rotating around centroids, in which
n = 2 is an ellipse, n = 3 is a triangle, and n = 4 is a square. Rotated shapes are shown in transparent light gray. (b) Revolving waves with
distinct modes under different confinement modes (Movie S8 of the Supplemental Material [38]). The top is active gel density ρ, and the
bottom is corresponding phase-field φ. White outlines represent confinement boundary, and white arrows indicate the direction of confinement
rotation. (c) Time-lapse images showing active gel dynamics inside a rotating confinement in mode n = 2 at different angular velocity ωrot

(Movie S10 of the Supplemental Material [38]). (d) Maximum shape correlation Cmax
tt at varied angular velocity ωrot (Movies S9–S12 of the

Supplemental Material [38]). The peaks correspond to the angular velocity at which a specific revolving wave mode emerges. The effective
contractility and interface-gel coupling strength were fixed at Pe = 37 and β = 39 for all data. (e) Schematic showing the one-dimensional
model of revolving wave motion. A monopolar revolving wave is shown in red. The tip region is magnified and drawn in one dimension along
the horizontal x axis and the vertical gel density ρ axis. The wave has a width 2lw and its center-of-mass position is xw. The wave travels at
a constant speed Vw over the periodic domain, 0 < x < 2πR, corresponding to the droplet circumference with radius R. The wave motion is
sustained by the force generated by the active stress due to gel density in front of (ρfront) and behind (ρbehind) the wave, assembling at a rate kp.
See Note S3 of the Supplemental Material [38] for details. (f) Bifurcation diagram showing wave velocity Vw vs characteristic velocity vcv. (g)
Self-consistent equation [Eq. (7)] determining the multipolar wave velocity V n-polar

w at the intersection of the gray line (y = V n-polar
w /vcv) and the

colored lines (y = g(V n-polar
w ), n = 1 for monopolar in blue; n = 2 for bipolar in red; n = 3 for tripolar in green; and n = 4 for quadrupolar in

purple). Scale bars represent 2.

determines the wave-number-dependent revolving wave ve-
locity, we developed a mathematical model [Fig. 4(e); Note
S3 of the Supplemental Material; Fig. S16 of the Supple-
mental Material [38]). We consider a force-balance equation
describing the wave motion along one-dimensional peri-
odic domain, 0 < x < 2πR, corresponding to the droplet

periphery. The model assumes that (1) revolving wave motion
is driven by the active stress around the wave-tip region,
(2) the active stress is induced by the newly assembled gels
near the droplet periphery, and (3) the gel density gradient
between in front of and behind the wave determines the force
magnitude. This simple model yields two distinct scenarios:

043109-8



CONTRACTION-DEFORMATION COUPLING ENABLES … PHYSICAL REVIEW RESEARCH 8, 043109 (2026)

(1) Unstable revolving wave: The wave moves too slowly to
sustain the gel density gradient, resulting in a uniform gel
density across the domain 0 < x < 2πR, corresponding to a
ring-shaped wave. (2) Stable revolving wave: The wave moves
quickly enough to sustain the density gradient, leading to a
steady state with a constant revolving velocity Vw. Indeed,
the solution of the force-balance equation of revolving wave
motion shows a transition from unstable (ring) to stable state
(revolving) by increasing the characteristic velocity vcv (pro-
portional to contractility ζ ) through a pitchfork bifurcation
[Fig. 4(f); Note S3 of the Supplemental Material [38]]. We
confirmed the contractility-dependent transition from unstable
to stable revolving waves in numerical simulations (Fig. S17
of the Supplemental Material [38]). We extended this model
to multipolar waves (Note S3 of the Supplemental Material
[38]), leading to the self-consistent equation for the wave
velocity of n-polar waves, V n-polar

w :

V n-polar
w

vcv
= exp

[
− lw

V n-polar
w τd

]
− exp

[
− (2πR/n) − lw

V n-polar
w τd

]
,

(7)

where n is the wave number, vcv = ζρ0/(2lwγ ) is the charac-
teristic velocity, lw is the wave width, ρ0 = kp/kd, and τd =
1/kd. For convenience, we rewrite the self-consistent equation
[Eq. (7)] as V n-polar

w /vcv = g(V n-polar
w ), where g(V n-polar

w ) ≡
exp[−lw/(V n-polar

w τd )]− exp[−(2πR/n − lw)/(V n-polar
w τd )],

such that the solutions correspond to the intersections of
y = g(V n-polar

w ) with the line y = V n-polar
w /vcv as a function

of Vw using vcv = 0.025, lw = 1, kd = 0.001, and R = 4.
Notably, the stable revolving wave velocity decreases as
the wave number increases [Fig. 4(g)], consistent with the
trend in the angular velocity of multipolar revolving waves
observed in the simulation [Fig. 4(d)]. This theoretical
analysis indicates that the wave-number-dependent revolving
wave velocity is determined by the balance between gel
assembly and force generation in confinement.

III. DISCUSSION

While reaction-diffusion waves have been widely studied
to describe adherent cell motility [6,7,53], how the force prop-
agation of contractile waves regulates morphological change
and migration remains elusive. We developed a minimal
numerical model of cell-like morphodynamics by adopting
active gel theory enclosed inside deformable interfaces de-
scribed by a phase-field model. The stronger interface-gel
coupling triggered droplet motility, capturing the observations
in living cells and cell-extract droplets in which actin-lipid
membrane/interface interaction is essential to trigger sponta-
neous migration [10,49]. Experimental studies revealed that
single cells and cell-extract droplets can migrate under quasi-
2D confinement driven by frictional forces between substrates
and actin flows [8–10,12,13,45,50,54], whereas how the inter-
play between wave contraction and shape deformation enables
their rich morphodynamics remains unclear. Our results sug-
gest that various morphologies and motility may emerge
through a temporal coupling of wave contraction and shape
deformation, showing nonmotile, revolving, and motile active
gel droplets, which are reminiscent of morphodynamics of

living cells and cell-extract droplets accompanied by contrac-
tile actomyosin waves [8–10].

It is worth noting that the key parameter explored
in this study, the interface-gel coupling strength β, is a
coarse-grained phenomenological parameter that captures the
collective effects of multiple microscopic processes gov-
erning actin-membrane interactions. Consequently, it cannot
be uniquely assigned to a single experimentally measurable
physical quantity. Nevertheless, we emphasize that the relative
values of β between different dynamical states provide experi-
mentally testable predictions for the transitions between wave,
revolving, and motile states. Specifically, our simulations pre-
dict that β ∼ 40 marks the transition to persistent motility,
whereas β < 10−30 results in nonmotile or revolving states.
Assuming that β scales approximately with the effective actin-
membrane coupling strength, the ratio βnonmotile/βmotile ∼
cnonmotile/cmotile ∼ 0.4−0.75 provides a quantitative predic-
tion for the relative concentrations (cnonmotile/cmotile) of
actin-binding lipids (e.g., PIP2) or actin-membrane linkers
(e.g., His-VCA bound to a fixed concentration of DOGS-NTA
lipids) required to induce the transition. Interestingly, previous
experimental observations are consistent with this interpreta-
tion. It was reported that persistent migration emerged only
when the fraction of PIP2 exceeded ∼14% [10]. Similarly,
with a fixed lipid composition, increasing the concentration
of membrane-bound His-VCA to approximately 10 nM was
sufficient to induce migration [10], whereas lower concentra-
tions produced symmetry breaking of an actomyosin cluster
without droplet motility [43]. Although β remains a phe-
nomenological parameter, these observations suggest that it
captures the effective strength of actin-interface coupling that
governs transitions between dynamical states. Important di-
rections for future research include a detailed quantitative
comparison between the predicted transition thresholds and
experimental measurements, as well as further refinement of
the current coarse-grained phenomenological model toward a
more physically grounded formulation.

Additionally, we discuss the physical interpretation and
estimation of the Péclet number (Pe = Ul/D), which repre-
sents the ratio of advective transport to diffusion, to relate
the model to experimental actomyosin systems. We provide
estimates of Pe based on experimentally measured quanti-
ties in systems exhibiting contractile actomyosin waves. In
cell-extract droplets with R ∼ 100 µm, using the speed of
contractile actomyosin waves U ∼ 45 µm/min and typical
wave width l ∼ 10 µm [10,43,44], with effective diffusion
coefficient D ∼ 0.1 µm2/s [21,55–57] (Note S1 of the Sup-
plemental Material [38]), we estimate Pe ∼ 72. In living cells
with R ∼ 10 µm, using the corresponding values of wave
speed U ∼ 100 µm/min and wave width l ∼ 1 µm [8,50], with
effective diffusion coefficient D ∼ 0.1 µm2/s (Note S1 of the
Supplemental Material [38]), we estimate Pe ∼ 16. Thus, the
Péclet numbers in both cell-extract droplets and living cells
are comparable to the regime of 20 < Pe < 50 explored in this
study. An exciting future direction will be to explore how dis-
tinct dynamical states can be controlled through modulation
of the Péclet number and actin-interface coupling strength in
living and synthetic cell systems.

An intriguing morphodynamics of active gels was ob-
served: revolving waves with well-defined symmetry modes.
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This indicates that a passive deformable interface is not
just deformed by active stresses, while it may impact the
self-organization of active gels confined within the interface.
While several experimental studies have observed revolving
wavelike behaviors in living cells and cell-extract droplets
(Zebrafish progenitor cells [8,50], Xenopus blastomeres [58],
fish parasites [59], and cell-extract droplets [10,44]), to our
knowledge, so far lacking a physical framework to understand
the intimate relationship between contractile waves and shape
deformation. Our numerical model offers a minimal frame-
work to guide how to design experimental systems and control
distinct morphological modes in living and synthetic systems.
It is worth noting that the revolving waves in our system
originate from contractile forces of active gels, distinguish-
ing them from previously reported systems where rotational
waves are driven by protrusive forces arising from active gel
polymerization [18,24].

Importantly, we demonstrate that time-dependent geo-
metrical confinement acts as an external driving frequency,
entraining revolving waves into a mode-locked oscillatory
state through temporal coupling between wave contraction
and droplet shape deformation. It should be noted that the
motile droplet was unconfined, whereas the confined droplet
was not allowed to undergo translational motion. An interest-
ing question is what would occur if a translationally motile
droplet encountered a rotating confinement: Would mode
locking suppress translational migration? In such a scenario,
we observed that the migratory state transitioned toward a
revolving wave state, in which migration was arrested and
the system became synchronized with the imposed rotational
dynamics (Movie S13 of the Supplemental Material [38]).
Although rotating confinement represents an extreme example
of mode locking, periodic dynamics are ubiquitous in living
cellular environments. Oscillatory mechanical stresses, such
as those associated with heartbeat and breathing [60], may
serve as external cues capable of inducing mode locking in
living cells exhibiting contractile actomyosin waves, poten-
tially leading to spatial arrest within specific regions. Thus,
contractile actomyosin waves may enable living cells and
cell-extract droplets to sense and adapt to dynamically chang-
ing geometrical environments. Exploring such behaviors will
require extending the present model to time-dependent open
confinement and combining it with precisely controlled, in
vivo-mimetic experimental platforms. To experimentally test
this, time-varying potential walls could be designed by optical
tweezers [61,62] or magnetic fluids [63,64]. While adher-
ent living cells [65] and cytoskeletal motility assays [66]
are known to respond to environmental periodic strains, it
will be an important future direction to develop time-varying
geometry for nonadherent cells and cell-extract droplet sys-
tems. Elucidating these principles paves the way to coordinate
spatiotemporal events in living matter—from living cells to
reconstituted droplets—and may inform the engineering of
soft, adaptive, lifelike robotic systems [67].

IV. CONCLUSIONS

We have introduced a minimal numerical model that
demonstrates how contraction waves reshape deformable
droplets. The model reveals a feedback mechanism between

wave dynamics and a deformable interface, which gives rise to
cell-like motility and rotationally symmetric waveforms. By
imposing rotating confinement, we further show that the mode
of contraction waves can be selectively controlled. Together,
these results provide a dynamical-systems perspective on the
coupling between contraction waves and shape deformation
that governs the morphodynamics of active gel droplets as
actively driven fluid oscillators under confinement, a general
principle relevant to nonequilibrium active systems ranging
from living and synthetic cells to biomimetic robotics.

V. METHODS

A. Active gel dynamics inside a phase-field droplet

A continuum hydrodynamic description of a 2D active
gel confined inside a phase-field droplet domain is given by
Eqs. (4)–(6). The viscous stress, σvis, in Eq. (1) is given by the
dissipative part of the viscous fluids [21]:

σvis = η[∇v + (∇v)T ] + ηb(∇ · v)I, (8)

where η and ηb are dynamic and bulk viscosities, respectively,
and I is the identity matrix. In the nondimensionalized form
[Eq. (4)], λ ≡ 1 + η/ηb was introduced, which was assumed
to be λ = 1/3 to simplify the momentum balance equation
[21,47].

In the nondimensionalized mass conservation equation
in Eq. (5), the no-flux boundary condition on acto-
myosin gel was imposed by an effective energy, E (ρ, φ) =∫∫

dr{(ρ2 + δ)[(1−φ)2 + δ]}1/2
, which is an addition to

the chemical potential of the active gel, and δ was
introduced to avoid singularities [21,26]. The explicit
form of the functional derivative in Eq. (5) is δE/δρ =
ρ{(ρ2 + δ)−1[(1−φ)2 + δ)]}1/2

.
In the phase-field model in Eq. (6), the second term

with V ′(φ) is the derivative of the double-well potential
V (φ) = φ(φ − 1)[φ − 1/2 − α0(Vdrop/Vtar − 1)], where the
fixed points describe the outside (φ = 0) and inside of the
droplet (φ = 1) [21,26]. The term α0(Vdrop/Vtar − 1) describes
the conservation of droplet volume Vdrop = ∫∫

drφ toward a
target volume Vtar, which corresponds to the initial droplet
volume. We used Vdrop = ∫∫

drφ2(3−2φ) in this study for
more accurate calculation [21,68]. The parameter α0 charac-
terizes the stiffness of this constraint [16]. The other terms
were explained in the main text.

B. Active gel droplets under rotating confinement

For the implementation of rotating confinement, we ap-
plied a potential wall by adding an external field term
−	wallgmask(r)φ in the right-hand side of phase-field equation
in Eq. (6) with a constant 	wall = 100. The mask function
gmask(r) was prepared by assigning specific geometry where
gmask(r) = 0 and gmask(r) = 1 describe the inside and outside
of confinement, respectively. Mode n = 1 is a circle with
radius 4.8 off-centered by x = 0.8. Mode n = 2 is an ellipse
with major and minor axis lengths of 5.6 and 4.2, respectively.
Mode n = 3 is a combination of three ellipses rotated by 120◦

with major and minor axis lengths of 6.4 and 3.2, respectively.
Mode n = 4 is a combination of four circles with radius 8.3,
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with their center separated by 4.2. Time-dependent rotation
of mask function was applied at each time step with angular
velocity ωrot.

C. Numerical simulations

The nondimensionalized Eqs. (4)–(6) were numerically
solved. The numerical simulations were performed using a
custom MATLAB code implementing a semi-implicit spectral
method on a 128 × 128 lattice with periodic boundary condi-
tions. The grid spacing and time step were set to dx = 0.125
and dt = 0.0007, respectively. At each time step, the velocity
field was computed using Eq. (4), and the gel density and
phase field were updated using Eqs. (5) and (6). The area of
assembly rate enhanced region near the droplet interface was
computed at each time step with thresholds ∇2φ < −0.01 and
φ > 0.95 (Fig. S3 of the Supplemental Material [38]). Each
single-droplet simulation was run for 30 000 time steps and
data were recorded every 200 steps, yielding 150 frame sets
per simulation, respectively. These data were used to analyze
the time courses of droplet motion and shape changes, as well
as to generate the movies.

D. Contour analysis of the droplet shape deformation

The contour position of the droplet phase was extracted
from pixel values in the phase-field, binarized by a thresh-
old of φ > 0.99. The center of mass of the droplet, rc =
N−1�ri, was calculated from the position of the membrane,
ri = (xi, yi ), i = 1 · · · N . The origin of the polar coordinate
was then centered at the center of mass of the droplet by sub-
tracting the center of mass of the contour position from each
position of the membrane as ri − rc. To calculate the aspect
ratio of a droplet α = Rmax/Rmin, the major axis length Rmax

and minor axis length Rmin of a droplet were determined by
fitting an ellipse to the contour position. We computed radial
length R(θ, t ) by converting ri = (xi, yi ) in polar coordinates.
The amplitude of deformation u(θ, t ) = R(θ, t ) − 〈R(θ, t )〉θ
was calculated in polar coordinates centered at droplet cen-
troid, where 〈R(θ, t )〉θ is the mean radius averaged over θ at
time t . The time course of centroid speed and MSD [Fig. 2(c)],
polarity [Fig. 2(k)], aspect ratio (Fig. S12 of the Supplemental
Material [38]), and equal-angle autocorrelation of amplitude
[Fig. 2(g)], were shown for the droplets in the vicinity of the
phase boundary with different Pe and β for each motile and
nonmotile condition.

E. Polarity parameter analysis

We quantified the active gel distribution using the gel po-
larity parameter P. First, the center of mass of the droplet,
rc = N−1�ri, is calculated from droplet contour positions,
ri = (xi, yi ), i = 1 · · · N . The local gel density was measured
at each interfacial position, ρ(ri ). Then, the center of mass
of the gel distribution, rgel, was calculated as the gel density-
weighted contour position, rgel = �riρ(ri )/�ρ(ri ). Finally,
we defined the gel polarity, P ≡ |rgel − rc|/R, as the deviation
of the gel distribution from the center of mass of the droplet,
normalized by the initial droplet radius R. The polarity
parameter approaches P → 1 for polarized gel distribu-

tion, while it approaches P → 0 for nonpolarized gel

distribution. The polarity vector was defined as
→
p (t ) =

(rgel − rc)/|rgel − rc| (Fig. 2).

F. Shape analysis of the active gels

The same analysis protocol as the droplet shape was ap-
plied to quantify the shape of active gels inside droplets.
The contour position of the gel was extracted from pixel
values in the gel density, binarized by a threshold of
ρ > 1.5. Converting the peripheral positions into polar coor-
dinate, the deformation amplitude of the gel, ugel(θ, t ), was
used to calculate equal-time autocorrelation of gel deforma-
tion, Ctt (�θ ) ≡ 〈u(θ, t )gelugel(θ + �θ, t )〉

θ,t
/〈ugel(θ, t )2〉

θ,t ,
which was used to estimate the extent to which the shape of
the gel was retained (Fig. S14 of the Supplemental Material
[38]). The maximum value of the shape correlation, Cmax

tt ,
was extracted from the largest peak of the Ctt (�θ ) − �θ

curve, and values with Cmax
tt < 0 were set to 0. In order to

avoid extracting the values originating from the circular shape
of the high-density region in the droplet center, Cmax

tt were
extracted within the range at �θ > 45◦ for the confinement
modes n = 2, 3, 4, and at �θ < 135◦ for n = 3, 4. The
results were assessed by the time-lapse movies to ensure
there are no wave-mode-associated peaks outside this range.
We confirmed that the angle at which Ctt (�θ = �θmax) =
Cmax

tt reflects the modes of each revolving wave, where
�θmax = 180◦ for bipolar, �θmax = 120◦ for tripolar, and
�θmax = 90◦ for quadrupolar waves. We found �θmax = 19◦

for monopolar waves because the center of mass resides out-
side the gel. This does not affect to distinguish revolving
waves from ring-shaped waves since Cmax

tt represents the ex-
tent to which shape is retained in a time- and angle-averaged
manner, in which the periodic contraction of ring-shaped
waves reports small values, while the retained shape of
monopolar waves reports large values of autocorrelation.
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