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Self-organized dynamics of a viscous drop with interfacial nematic activity
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We study emergent dynamics in a viscous drop subject to interfacial nematic activity. Using hydrodynamic
simulations, we show how the interplay of nematodynamics, activity-driven flows in the fluid bulk, and surface
deformations gives rise to a sequence of self-organized behaviors of increasing complexity, from periodic
braiding motions of topological defects to chaotic defect dynamics and active turbulence, along with spontaneous
shape changes and translation. Our findings recapitulate qualitative features of experiments and shed light on the
mechanisms underpinning morphological dynamics in active interfaces.

DOL: 10.1103/PhysRevResearch.7.L.012054

Living materials are characterized by their ability to con-
tinuously transform chemical energy into mechanical work at
the microscale. When confined to deformable surfaces, these
active materials demonstrate a myriad of dynamical behav-
iors. Biological surfaces also often exhibit intrinsic degrees of
freedom that correspond to in-plane order (such as nematic or
polar), which facilitate long-range hydrodynamic interactions,
resulting in the emergence of self-organized spatiotemporal
patterns. This is a fundamental feature of various biological
systems, including the cell cortex and confluent eukaryotic
cells, and plays a crucial role in their functional properties.
Here, we focus on systems with nematic symmetry. Experi-
mental observations indicate the emergence of nematic order
during cytokinesis [1,2]. Nematic alignment has also been
evidenced in different stages of tissue morphogenesis when
individual cells exhibit a preferred elongation axis [3-5].

Biological processes from subcellular to multicellular
scales often occur on self-deforming surfaces with various
mechanical properties. Examples include shape changes dur-
ing polarization, migration, and division in cells, and apical
constrictions in epithelial morphogenesis [6,7]. Understand-
ing these morphological dynamics necessitates theoretical
models that account for the three-way coupling between sur-
face deformations, in-plane order, and flow [8—10]. Recent
studies have probed the mechanisms driving shape changes
in cells and epithelial tissues, advancing our understanding of
these processes [11-13].

The central motif of these biological systems has also been
utilized to create synthetic soft active materials [14—17]. In
pioneering work, Keber et al. [14] assembled a shape-shifting
lipid vesicle by encapsulating a film of microtubules and
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kinesin motors to its inner surface, a system that directly
motivates the present work. Understanding the interplay be-
tween orientational order, activity-induced flow, and substrate
geometry has been the subject of several studies thereafter.
Various models have probed the role of surface curvature
on the dynamics of topological defects in active fluids con-
fined to rigid surfaces of various topologies [17-26]. More
recently, axisymmetric and 3D numerical simulations have
been used to investigate the mechanisms responsible for
fundamental shape changes observed in cells and epithelial
tissues [11-13], yet the role of interfacial deformations and
their coupling to bulk flow remains poorly understood. Previ-
ous simulations of active deforming surfaces have primarily
relied on diffuse-interface methods [11,12]. These methods
blur material interfaces through numerical diffusion, leading
to inaccuracies in resolving interfacial dynamics and intro-
ducing numerical artifacts [27,28]. This limitation motivates
the development of sharp-interface methods that accurately
solve the governing equations at the material interfaces while
self-consistently accounting for their coupling to bulk fluid
flows.

In this Letter, we report on the spontaneous dynamics of
a viscous drop driven out of equilibrium due to interfacial
nematic activity. We show that the interplay between the flow
inside and outside the drop, surface transport of the nematic
field, and surface deformations gives rise to a sequence of self-
organized behaviors and symmetry-breaking phenomena of
increasing complexity. Our results recapitulate the qualitative
features of experiments [14], in both the small and finite de-
formation regimes. Under small deformations, the dynamics
is characterized by the braiding motion of topological defects
around the drop, giving rise to well-known braiding patterns at
different activity levels. The asymmetry induced under finite
deformations results in translational motion of the drop —a
behavior consistent with experimental observations, yet unad-
dressed in previous hydrodynamic simulations. Under strong
activity, a transition to active turbulence is also observed.

We model a viscous drop occupying volume V™~ and sus-
pended in another viscous fluid V™ [Fig. 1(a)]. The interface
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FIG. 1. (a) Schematic of the model system. (b) Snapshots of the director field and scalar order parameter shown as a color map during
(left) braiding motion under small deformations, (middle) braiding motion with shape-shifting behavior, and (right) chaotic regime with finite
deformations. Also see Videos 1-3 of the SM [29]. (c) Tetrahedral and planar defect arrangements. (d), (¢) Evolution of the average angle « for
two systems with Pe = 0.3 (d) and Pe = 3 (e). The red and blue lines denote planar (120°) and tetrahedral (109.5°) configurations, respectively.

(Ca, £.) = (0.01, 0.16) in (d) and (e).

dV is defined by a smooth surface r = ris', s?) e R?
parametrized by coordinates (s',s?). Tangent vectors
g =or (3;:=0/3s', i=1,2), along with the normal
v=1(g, X&)/|g &l form a local coordinate system
with surface metric tensor g;; = g;-g;. The drop is initially
spherical with radius R. A monolayer of active nematic
particles is constrained to dV and drives the system out of
equilibrium by inducing flows inside and outside the drop and
by causing deformations.

We use a coarse-grained representation of the nematic in
terms of the tensor @ = Q" g;g; where QY = S(n'n/ — g /2).
Here, n = n'g; (n'n; = 1) denotes the local nematic director,
and S € [0, 1] is the scalar order parameter characterizing the
alignment strength. Q evolves by the nematodynamic equa-
tion [9,25,30]

D,Q" = %H’j +¢U7, xeav. 1)
D, Q" is a corotational material derivative embodying advec-
tion and rotation of the nematic by the surface flow with
velocity u = u'g; + u,v,

D,Q"7 = 8,07 + u* V,QY + u, (CL 0™ + CL oY)
+ 0, (e*Q] + € 0l), 2)

where V is the covariant derivative with respect to sk, C; =
—0;0;x - v is the curvature tensor, @, = 3¢/ V,u; is the normal
vorticity, and €'/ = v - (g’ x g/) is the Levi-Civita tensor. The
molecular tensor H/ = —§ F /§Q'/ describes orientational re-
laxation in the nematic monolayer, with I" the rotational
viscosity. It derives from the Landau—de Gennes free energy,

k. ) ok, -
7= / dA(?[d 0i;0" + (05071 + Evinleij)
%
(3)

capturing short-range and elastic interactions in the nematic
monolayer [31,32]. Here, k; and k. are steric and elastic
phenomenological constants, and d = a + %’S + %SZ where
a, b, and c are normalized thermotropic parameters. We ne-
glect any coupling between the extrinsic curvature and @ in
Eq. (3). Finally, alignment by the flow is captured by ¢U"/
in Eq. (1), where ¢ is the flow alignment parameter [33],
and U = U — JU} gV is the traceless part of the strain-rate
tensor U/ = %(Viuj + V') + Clu,,.

Neglecting inertial effects and gravity, the flow inside
and outside the drop is governed by the Stokes equations:
uEViut —Vpt =0 and V-u* =0 for x € V. The ve-
locity is continuous across dV and vanishes far away. The
nematic particles exert an active surface stress t¢ = £ Q on
their surrounding, leading to fluid motion and deformations.
The constant £ captures biochemical activity, with £ < O for
extensile systems as in the experiments of Keber er al. [14].
The interfacial force balance along the tangential and normal
directions reads

h,j Ol —
S e Vit O} x €V, )
=y Ci—£C;07=0

where y is the uniform surface tension. The jump in hydro-
dynamic tractions across 9V is fh = [T"]", where T" =
—pI + (Vu + Vu") is the Newtonian stress tensor. We
solve Eqgs. (1)—(4) numerically using a custom spectral bound-
ary integral solver [34,35], where all physical variables such
as shape, velocity, and @ tensor are represented as truncated
series of spherical surface harmonics. This sharp-interface
method rigorously captures the coupling between bulk fluid
flow and interfacial dynamics, providing robust and accurate
solutions across a broad range of control parameters (see
Supplemental Material (SM) [29] for a detailed summary of
the numerical algorithm).

Dimensional analysis yields four dimensionless param-
eters in addition to ¢. The active capillary number Ca =
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FIG. 2. (a) Spatiotemporal trajectories (X, Y, t) of projected defects for a drop with (Pe, £.) = (0.3, 0.16) during golden braiding regime
(see SM for details [29]). (b) Diagrams of golden (triangle) and silver (square) braids. (c) Defect trajectories in 3D for active drops with
£, = 0.16 in the golden (left), silver (middle), and mix (right) braiding regimes at different values of Pe. The time interval between the first and
last data points is At = 50/ f, where f; is the peak frequency in the FFT spectrum of «. (d) FTBE of defect trajectories, and (e) average active
power P, for a spherical drop, as functions of Pe and £., during different braiding regimes. In all simulations, FTBE converges to a constant
value at long times with a relative tolerance of SFTBE/FTBE < 0.05 (see Fig. S4). Error bars in (e) represent the standard deviation around

the mean. Ca = 0.01 in all cases.

|£]/y compares active stresses to surface tension and gov-
erns the magnitude of deviations from sphericity [Fig. 1(b)].
The active Péclet number Pe = |&| I"/(k,ut R) characterizes
the strength of convective vs relaxational fluxes in Eq. (1).
The balance between short-range and elastic interactions in
the nematic monolayer defines a dimensionless coherence
length £. = R~'\/k,/kj, or effective distance over which topo-
logical defects affect the nematic field on the scale of the drop.
Finally, the viscosity ratio between inner and outer fluids is
A=~ /ut. We found that varying A has little effect on the
dynamics, and all results shown here are for A = 1.

First, we focus on the regime of Ca « 1 to isolate the effect
of deformations. In this regime, the behavior of the system is
governed by two parameters: the activity level captured by Pe,
and nematic elasticity captured by £.. Active stresses drive the
system out of equilibrium while nematic elasticity tends to
stabilizes it. Indeed, as nematic elasticity becomes stronger,
the coherence length increases (Ef x k), resulting in a more
constrained arrangement of the topological defects that repel
one another. Given the spherical topology of the interface, the
net topological charge of the nematic field is fixed at 42, and
for small to moderate activity levels (0 < Pe < 5), the system
exhibits four 41/2 defects [Fig. 1(b), left].

Under weak activity, the defects remain stationary and
occupy the vertices of a regular tetrahedron (Fig. S2 [29]).
Beyond a critical value Pe,, a transition occurs to an unsteady
regime marked by the periodic motion of the defects (see
Video 1 [29]). Each defect is set into motion by the activity-
induced flow, which influences the nematic field. In agreement

with experiments [14], the defect arrangement oscillates be-
tween tetrahedral and planar configurations, as illustrated in
Figs. 1(c)-1(e), where « = 1/6 Z;: ;i denotes the average
of all pairwise angles «;; between the four defects.

The spatiotemporal defect trajectories can be analyzed and
interpreted using the concept of braids [36]. We first map
the defect trajectories from 9V to the drop’s midplane us-
ing the stereographic projection, where one reference defect
is taken to be at the sphere pole and therefore mapped to
infinity [37,38]. When projected along a specific direction,
the remaining three defect trajectories display a sequence of
crossings that defines a braid b [Fig. 2(a)]. Each crossing
event is expressed in terms of elementary generators o;, i €
{1,...,n — 1}, of the n-particle braid group with n = 3 [36].
The generator o; denotes the clockwise exchange of defect
i with defect i + 1 on the projection line, while O'i_] cor-
responds to their counterclockwise exchange. The braid’s
complexity and mixing efficiency can be quantified by the
exponential stretching rate of material curves in the associated
flow, determined through its topological entropy and finite-
time braiding exponent (FTBE) for periodic and aperiodic
trajectories, respectively [39—41] (see SM for details [29]).

For activity levels close to Pe, within the unsteady regime,
the defect motion is periodic and characterized by a single
timescale, as evidenced by the presence of a single peak
in the fast Fourier transform (FFT) of the average angle o
(Fig. S5 [29]). The defect trajectories follow a specific pattern
known as the golden braid [Figs. 2(a), 2(b)], described by the

braid B| = (bl)k, where b, = o 02’1 0101020, 02’1 0{1.
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Its topological entropy is given by k(b)) = 61n¢;, where
¢ = (1+ «/g)/2 denotes the golden ratio [42]. As Pe is
further increased, nonlinear effects become more pronounced,
leading to the emergence of a second timescale. This is man-
ifested in the FFT spectrum of ¢, which exhibits two distinct
peaks (Fig. S6 [29]). Eventually, the braiding pattern under-
goes a transition from the golden braid to the silver braid
B, = (b,)*, where b, = 0 0> al_' 02_' o) 02_1. Its topological
entropy is i(b;) = 2In ¢, where ¢, = 1 + /2 is the silver ra-
tio. The silver braiding pattern is particularly significant, as it
has been shown to maximize topological entropy per time step
in systems with defects arranged linearly [43]. Schematic di-
agrams of the golden and silver braids are shown in Fig. 2(b).
The efficiency of a periodic braid in increasing entropy can
be quantified by its topological entropy by generator (TEPG)
[43]. Comparing the TEPG of the golden and silver braids
shows that TEPG(b,) ~ 1.23 TEPG(b,); i.e., the transition
to the silver braid with increasing Pe causes a decrease in
TEPG.

As the activity level is further increased, a transition from
periodic to aperiodic dynamics is observed. This regime, re-
ferred to as mix braiding, is characterized by the absence of
a specific braiding pattern, with defect trajectories displaying
irregular and chaotic behavior. The transitions from the golden
to silver braiding regime and subsequently to the chaotic
mix braiding regime with increasing activity had not been
observed in previous hydrodynamic simulations of similar
systems [44,45]. The FFT spectrum of « in this regime is
broad and displays multiple peaks, a signature of highly non-
linear dynamics (Fig. S7 [29]). Figure 2(c) shows 3D defect
trajectories in drops with golden, silver, and mix braiding
patterns, providing visual evidence of the increasing complex-
ity with higher activity. To characterize the different braiding
patterns and quantify their complexities in the nonperiodic
case, we calculate the FTBE of defect trajectories as a function
of Pe and ¢, in Fig. 2(d) [41,46]. The FTBE generally shows
an increasing trend with respect to Pe, indicating that higher
activity levels lead to more complex dynamics. However, the
transition from golden to silver braiding is accompanied by
a decrease in FTBE, consistent with the decrease in TEPG
discussed above. This reduction in the FTBE is particularly
intriguing as it occurs despite the heightened activity.

To elucidate this effect, we analyze the drop’s energet-
ics in the unsteady regime. The active power expended by
the surface nematic is defined as F, (1) = fa , [ -uds, where
f*=§V,0g; — £C;; Qv is the interfacial active traction
and u the interfacial velocity. As shown in Fig. 2(e), the
time-averaged active power, denoted by P, = (P,);, is an as-
cending function of activity except during the transition from
the golden to silver braid, where it suddenly drops. This
indicates that the increase in TEPG with Pe in the golden
braiding regime comes at a higher energetic cost, and that the
spontaneous transition to the silver braid is thus energetically
favorable. Note that, under small deformations, the active
power is dissipated primarily through viscous effects within
the bulk, with negligible contributions from capillarity (see
SM for details [29]).

We highlight the stabilizing effect of nematic elasticity
as captured by ¢.. The critical Péclet number Pe. for the

transition from equilibrium to periodic braiding rises from
Pe, 2 0.2 to 1.2 as the coherence length is varied from
£, =0.16 to 0.32. The onset of aperiodic defect motions
(mix braiding) is also delayed under larger £.. According to
Figs. 2(d) and 2(e), for a given Pe, both the FTBE and the
active power are consistently lower at the larger coherence
length. Indeed, nematic elasticity tends to repel topological
defects, which fosters more organized defect dynamics and
delays the transition to chaos.

Allowing for finite deformations (Ca > 0) further in-
creases the complexity of the dynamics. In this regime, the
active drop undergoes breathing motions as the defects tra-
verse its surface [Fig. 1(b), middle] (see Video 2 [29]). These
deformations, in turn, impact the nematodynamics, establish-
ing a three-way feedback loop between shape, nematic field,
and flow. Notably, we observe an increase in Pe. at higher
capillary numbers, indicating that elevated activity levels are
required for defects to overcome the energy barriers induced
by deformations.

For the smaller coherence length £, = 0.16, we observe
that under moderate values of Pe > Pe,, four defects exhibit
braiding motion similar to the behavior observed under small
deformations. Concurrently, the drop undergoes spontaneous
shape changes under the influence of active stresses. At long
times, the drop eventually reaches an equilibrium state with
a steady deformed shape and defect configuration. This be-
havior is only observed up to a second critical Péclet number
Pe., > Pe., beyond which the system transitions to a chaotic
regime characterized by the rapid creation and annihilation of
defects around the drop [Fig. 1(b), right] (also see Video 3
and Fig. S12 [29]). The newly formed defects emerge as pairs
with +1/2 topological charges, maintaining a constant net
topological charge. The dynamics in this regime resembles the
active turbulence previously observed in nematic materials on
flat and curved surfaces [25,47-50]. For the larger coherence
length £, = 0.32, the system reaches equilibrium over long
times for all explored Péclet numbers (0 < Pe < 12) due to
the stabilizing effect of nematic elasticity.

Nonlinearities introduced by finite deformations amplify
the asymmetry in the nematic field and defect configuration,
giving rise to a net translational component in the veloc-
ity field. Initially, the drop switches directions randomly;
after a short transient, it eventually selects a steady di-
rection and displays nearly unidirectional motion at longer
times (see Fig. S10 [29] for representative trajectories). The
volume-averaged velocity of the drop of volume V; is calcu-
lgted asU(t) = vld fv— u dv, and its time-averaged magnitude,
U = |(U);|, is computed after the transient regime to ensure
the direction of motion does not change significantly (see SM
for details [29]). We observe that the translational velocity
is orders of magnitude larger compared to the regime of
Ca <« 1, underscoring the role of deformations in breaking the
system’s symmetry. This behavior, unaddressed in previous
hydrodynamic simulations, agrees well with the experimental
observations of Keber et al. [14], where the active vesicles
became motile under larger deformations. Figure 3 shows U
vs Pe for Ca = 0.5. For £. = 0.16, U first exhibits a sharp
increase with Pe when four defects are present. It then reaches
a plateau as Pe is further increased and the drop enters the
chaotic regime where additional defects are created. Similar
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FIG. 3. Time-averaged translational velocity magnitude as a
function of Pe and £. for Ca = 0.5. Filled markers indicate cases
where more than four defects were observed. Insets show snapshots

of the drop corresponding to the boxed markers. Error bars represent
the standard deviation around the mean.

trends are observed for £, = 0.32, although the increase in
U with Pe is delayed as nematic elasticity promotes more
symmetric shapes.

Our results highlight the complex interplay of nemato-
dynamics, active fluid flows, and interfacial mechanics, and
point to a wide range of emergent dynamics depending on
the importance of active stresses relative to viscous and
capillary stresses. Our observations are all consistent with

past experiments on active vesicles [14]. We have developed
a robust sharp-interface numerical framework that accurately
resolves interfacial dynamics in active drops with finite defor-
mations. For studying deformable active surfaces exhibiting
large localized deformations, such as those observed in Hydra
morphogenesis [51,52], adaptive high-order boundary inte-
gral methods present a promising approach [53,54]. We note
that the analysis of braiding motions only provides qualita-
tive information on the system’s mixing efficiency, and is
limited to regimes with four topological defects, where treat-
ing defects as material points is a reasonable approximation.
A more in-depth characterization of the organizing role of
activity-induced flows may rely on an analysis of Lagrangian
coherent structures and associated finite-time Lyapunov ex-
ponents, which have recently been applied to identify flow
attractors and repellers in bulk active nematics [55,56] and
during embryogenesis [57]. Finally, we note that the system
studied here may serve as a simplified model for active living
systems, such as cells or organoids. For that purpose, various
model extensions may be desirable, including accounting for
the role of elastic stresses, of extrinsic curvature coupling, or
of chemical cues, which are instrumental in regulating the cell
cortex [58-60].
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tions on braids and topological entropy, S. H. Bryngelson for
his contributions to the computational framework [35], and
Y. Chen for a critical review of the manuscript. This work was
partially funded by National Science Foundation Grants No.
CBET-1934199 and No. DMS-2153520.

[1] F. Spira, S. Cuylen-Haering, S. Mehta, M. Samwer, A. Reversat,
A. Verma, R. Oldenbourg, M. Sixt, and D. W. Gerlich, Cytoki-
nesis in vertebrate cells initiates by contraction of an equatorial
actomyosin network composed of randomly oriented filaments,
eLife 6, e30867 (2017).

[2] A.-C. Reymann, F. Staniscia, A. Erzberger, G. Salbreux, and
S. W. Grill, Cortical flow aligns actin filaments to form a furrow,
eLife 5, e17807 (2016).

[3] P. Guillamat, C. Blanch-Mercader, G. Pernollet, K. Kruse, and
A. Roux, Integer topological defects organize stresses driving
tissue morphogenesis, Nat. Mater. 21, 588 (2022).

[4] T. B. Saw, A. Doostmohammadi, V. Nier, L. Kocgozlu, S.
Thampi, Y. Toyama, P. Marcq, C. T. Lim, J. M. Yeomans, and
B. Ladoux, Topological defects in epithelia govern cell death
and extrusion, Nature (London) 544, 212 (2017).

[5] G. Duclos, C. Erlenkdmper, J.-F. Joanny, and P. Silberzan,
Topological defects in confined populations of spindle-shaped
cells, Nat. Phys. 13, 58 (2017).

[6] G. Salbreux, G. Charras, and E. Paluch, Actin cortex mechanics
and cellular morphogenesis, Trends Cell Biol. 22, 536 (2012).

[7] A. C. Martin and B. Goldstein, Apical constriction: Themes
and variations on a cellular mechanism driving morphogenesis,
Development 141, 1987 (2014).

[8] A. Mietke, F. Jiilicher, and I. F. Sbalzarini, Self-organized shape
dynamics of active surfaces, Proc. Natl. Acad. Sci. USA 116, 29
(2019).

[9] G. Salbreux, F. Jiilicher, J. Prost, and A. Callan-Jones, Theory
of nematic and polar active fluid surfaces, Phys. Rev. Res. 4,
033158 (2022).

[10] S. C. Al-Izzi and R. G. Morris, Morphodynamics of active
nematic fluid surfaces, J. Fluid Mech. 957, A4 (2023).

[11] L. Metselaar, J. M. Yeomans, and A. Doostmohammadi, Topol-
ogy and morphology of self-deforming active shells, Phys. Rev.
Lett. 123, 208001 (2019).

[12] L. J. Ruske and J. M. Yeomans, Morphology of ac-
tive deformable 3D droplets, Phys. Rev. X 11, 021001
(2021).

[13] D. Khoromskaia and G. Salbreux, Active morphogenesis of
patterned epithelial shells, eLife 12, e75878 (2023).

[14] F. C. Keber, E. Loiseau, T. Sanchez, S. J. Decamp, L. Giomi,
M. J. Bowick, M. C. Marchetti, Z. Dogic, and A. R. Bausch,
Topology and dynamics of active nematic vesicles, Science 345,
1135 (2014).

[15] P. Guillamat, Z. Kos, J. Hardoiiin, J. Ignés-Mullol, M. Ravnik,
and F. Sagués, Active nematic emulsions, Sci. Adv. 4, eaao1470
(2018).

L012054-5


https://doi.org/10.7554/eLife.30867
https://doi.org/10.7554/eLife.17807
https://doi.org/10.1038/s41563-022-01194-5
https://doi.org/10.1038/nature21718
https://doi.org/10.1038/nphys3876
https://doi.org/10.1016/j.tcb.2012.07.001
https://doi.org/10.1242/dev.102228
https://doi.org/10.1073/pnas.1810896115
https://doi.org/10.1103/PhysRevResearch.4.033158
https://doi.org/10.1017/jfm.2023.18
https://doi.org/10.1103/PhysRevLett.123.208001
https://doi.org/10.1103/PhysRevX.11.021001
https://doi.org/10.7554/eLife.75878
https://doi.org/10.1126/science.1254784
https://doi.org/10.1126/sciadv.aao1470

FIROUZNIA AND SAINTILLAN

PHYSICAL REVIEW RESEARCH 7, L012054 (2025)

[16] K. L. Weirich, K. Dasbiswas, T. A. Witten, S. Vaikuntanathan,
and M. L. Gardel, Self-organizing motors divide active
liquid droplets, Proc. Natl. Acad. Sci. USA 116, 11125
(2019).

[17] G. Napoli and S. Turzi, Spontaneous helical flows in active ne-
matics lying on a cylindrical surface, Phys. Rev. E 101, 022701
(2020).

[18] G. Napoli and L. Vergori, Extrinsic curvature effects on nematic
shells, Phys. Rev. Lett. 108, 207803 (2012).

[19] G. Napoli and L. Vergori, Surface free energies for nematic
shells, Phys. Rev. E 85, 061701 (2012).

[20] R. Zhang, Y. Zhou, M. Rahimi, and J. J. De Pablo, Dynamic
structure of active nematic shells, Nat. Commun. 7, 13483
(2016).

[21] D. Khoromskaia and G. P. Alexander, Vortex formation and
dynamics of defects in active nematic shells, New J. Phys. 19,
103043 (2017).

[22] S. Shankar, M. J. Bowick, and M. C. Marchetti, Topological
sound and flocking on curved surfaces, Phys. Rev. X 7, 031039
(2017).

[23] R. Green, J. Toner, and V. Vitelli, Geometry of thresholdless ac-
tive flow in nematic microfluidics, Phys. Rev. Fluids 2, 104201
(2017).

[24] 1. Nitschke, M. Nestler, S. Praetorius, H. Lowen, and A. Voigt,
Nematic liquid crystals on curved surfaces: A thin film limit,
Proc. Math. Phys. Eng. Sci. 474, 20170686 (2018).

[25] D.J. G. Pearce, P. W. Ellis, A. Fernandez-Nieves, and L. Giomi,
Geometrical control of active turbulence in curved topogra-
phies, Phys. Rev. Lett. 122, 168002 (2019).

[26] F. L. Memarian, D. Hammar, Md. M. H. Sabbir, M. Elias, K. A.
Mitchell, and L. S. Hirst, Controlling chaos: Periodic defect
braiding in active nematics confined to a cardioid, Phys. Rev.
Lett. 132, 228301 (2024).

[27] D. Gueyftier, J. Li, A. Nadim, R. Scardovelli, and S. Zaleski,
Volume-of-fluid interface tracking with smoothed surface stress
methods for three-dimensional flows, J. Comput. Phys. 152, 423
(1999).

[28] E. Johnsen and F. Ham, Preventing numerical errors generated
by interface-capturing schemes in compressible multi-material
flows, J. Comput. Phys. 231, 5705 (2012).

[29] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevResearch.7.L012054 for additional details on
the model, simulation method and analysis, and videos of sim-
ulations corresponding to Fig. 1(b).

[30] L. Giomi, Geometry and topology of turbulence in active ne-
matics, Phys. Rev. X 5, 031003 (2015).

[31] I. Nitschke, S. Reuther, and A. Voigt, Liquid crystals on de-
formable surfaces, Proc. Math. Phys. Eng. Sci. 476, 20200313
(2020).

[32] S. Kralj, R. Rosso, and E. G. Virga, Curvature control of valence
on nematic shells, Soft Matter 7, 670 (2011).

[33] F. P. Bretherton, The motion of rigid particles in a shear flow at
low Reynolds number, J. Fluid Mech. 14, 284 (1962).

[34] M. Firouznia, S. H. Bryngelson, and D. Saintillan, A spectral
boundary integral method for simulating electrohydrodynamic
flows in viscous drops, J. Comput. Phys. 489, 112248 (2023).

[35] M. Firouznia, S. H. Bryngelson, and D. Saintillan, Spec-
tral boundary integral solver for electrohydrodynamic flows
in viscous drops, https://github.com/mfirouzn/EHD_Drop_3D
(2022).

[36] J.-L. Thiffeault, Braids and Dynamics (Springer Nature, 2022).

[37] E. Fadell and J. V. Buskirk, The braid groups of E? and S?, Duke
Math. J. 29, 243 (1962).

[38] J. S. Birman, Braids, Links, and Mapping Class Groups
(Princeton University Press, Princeton, NJ, 1974).

[39] P. L. Boyland, H. Aref, and M. A. Stremler, Topologi-
cal fluid mechanics of stirring, J. Fluid Mech. 403, 277
(2000).

[40] A. Fathi, F. Laundenbach, and V. Poénaru,
Thurston’s Work on Surfaces (Princeton University Press,
Princeton, NJ, 2021).

[41] M. Budisi¢ and J. Thiffeault, Finite-time braiding exponents,
Chaos 25, 087407 (2015).

[42] D. D’Alessandro, M. Dahleh, and 1. Mezic, Control of mix-
ing in fluid flow: A maximum entropy approach, IEEE Trans.
Automat. Contr. 44, 1852 (1999).

[43] M. D. Finn and J.-L. Thiffeault, Topological optimization of
rod-stirring devices, SIAM Rev. 53, 723 (2011).

[44] T. N. Shendruk, A. Doostmohammadi, K. Thijssen, and J. M.
Yeomans, Dancing disclinations in confined active nematics,
Soft Matter 13, 3853 (2017).

[45] S. A. Smith and R. Gong, Braiding dynamics in active nematics,
Front. Phys. 10, 880198 (2022).

[46] J. Thiffeault and M. Budisi¢, Braidlab: A software package for
braids and loops, arXiv:1410.0849.

[47] P. Guillamat, J. Ignés-Mullol, and F. Sagués, Taming active
turbulence with patterned soft interfaces, Nat. Commun. 8, 564
(2017).

[48] P. W. Ellis, D. J. G. Pearce, Y. Chang, G. Goldsztein, L. Giomi,
and A. Fernandez-Nieves, Curvature-induced defect unbinding
and dynamics in active nematic toroids, Nat. Phys. 14, 85
(2018).

[49] S. Lin, W. Zhang, D. Bi, B. Li, and X. Feng, Energetics
of mesoscale cell turbulence in two-dimensional monolayers,
Commun. Phys. 4, 21 (2021).

[50] A. Doostmohammadi, J. Ignés-Mullol, J. M. Yeomans, and F.
Sagués, Active nematics, Nat. Commun. 9, 3246 (2018).

[51] Y. Maroudas-Sacks, L. Garion, L. Shani-Zerbib, A. Livshits, E.
Braun, and K. Keren, Topological defects in the nematic order
of actin fibres as organization centres of hydra morphogenesis,
Nat. Phys. 17, 251 (2021).

[52] Y. Ravichandran, M. Vogg, K. Kruse, D. J. Pearce, and A.
Roux, Topology changes of hydra define actin orientation de-
fects as organizers of morphogenesis, Sci. Adv. 11, eadr9855
(2025).

[53] D. Fortunato, A high-order fast direct solver for surface PDEs,
SIAM J. Sci. Comput. 46, A2582 (2024).

[54] D. Fortunato, D. Stein, and A. Barnett, A fully
adaptive, high-order, fast Poisson solver for complex
two-dimensional geometries, https://danfortunato.com/papers/
FullyAdaptivePoisson.pdf.

[55] M. Serra, L. Lemma, L. Giomi, Z. Dogic, and L. Mahadevan,
Defect-mediated dynamics of coherent structures in active ne-
matics, Nat. Phys. 19, 1355 (2023).

[56] C. Sinigaglia, F. Braghin, and M. Serra, Optimal control of
short-time attractors in active nematics, Phys. Rev. Lett. 132,
218302 (2024).

[57] M. Serra, S. Streichan, M. Chuai, C. J. Weijer, and L.
Mahadevan, Dynamic morphoskeletons in development, Proc.
Natl. Acad. Sci. USA 117, 11444 (2020).

L012054-6


https://doi.org/10.1073/pnas.1814854116
https://doi.org/10.1103/PhysRevE.101.022701
https://doi.org/10.1103/PhysRevLett.108.207803
https://doi.org/10.1103/PhysRevE.85.061701
https://doi.org/10.1038/ncomms13483
https://doi.org/10.1088/1367-2630/aa89aa
https://doi.org/10.1103/PhysRevX.7.031039
https://doi.org/10.1103/PhysRevFluids.2.104201
https://doi.org/10.1098/rspa.2017.0686
https://doi.org/10.1103/PhysRevLett.122.168002
https://doi.org/10.1103/PhysRevLett.132.228301
https://doi.org/10.1006/jcph.1998.6168
https://doi.org/10.1016/j.jcp.2012.04.048
http://link.aps.org/supplemental/10.1103/PhysRevResearch.7.L012054
https://doi.org/10.1103/PhysRevX.5.031003
https://doi.org/10.1098/rspa.2020.0313
https://doi.org/10.1039/C0SM00378F
https://doi.org/10.1017/S002211206200124X
https://doi.org/10.1016/j.jcp.2023.112248
https://github.com/mfirouzn/EHD_Drop_3D
https://doi.org/10.1215/S0012-7094-62-02925-3
https://doi.org/10.1017/S0022112099007107
https://press.princeton.edu/books/ebook/9781400839032/thurstons-work-on-surfaces-pdf
https://doi.org/10.1063/1.4927438
https://doi.org/10.1109/9.793724
https://doi.org/10.1137/100791828
https://doi.org/10.1039/C6SM02310J
https://doi.org/10.3389/fphy.2022.880198
https://arxiv.org/abs/1410.0849
https://doi.org/10.1038/s41467-017-00617-1
https://doi.org/10.1038/nphys4276
https://doi.org/10.1038/s42005-021-00530-6
https://doi.org/10.1038/s41467-018-05666-8
https://doi.org/10.1038/s41567-020-01083-1
https://doi.org/10.1126/sciadv.adr9855
https://doi.org/10.1137/22M1525259
https://danfortunato.com/papers/FullyAdaptivePoisson.pdf
https://doi.org/10.1038/s41567-023-02062-y
https://doi.org/10.1103/PhysRevLett.132.218302
https://doi.org/10.1073/pnas.1908803117

SELF-ORGANIZED DYNAMICS OF A VISCOUS DROP ...

PHYSICAL REVIEW RESEARCH 7, L012054 (2025)

[58] E. C. Lessey, C. Guilluy, and K. Burridge, From me-
chanical force to RhoA activation, Biochem. 51, 7420
(2012).

[59] W. M. Bement, M. Leda, A. M. Moe, A. M. Kita, M. E.
Larson, A. E. Golding, C. Pfeuti, K.-C. Su, A. L. Miller, A. B.
Goryachev et al., Activator-inhibitor coupling between Rho

signalling and actin assembly makes the cell cortex an excitable
medium, Nat. Cell Biol. 17, 1471 (2015).

[60] J. Bischof, C. A. Brand, K. Somogyi, 1. Mgjer, S. Thome, M.
Mori, U. S. Schwarz, and P. Lénart, A cdkl gradient guides
surface contraction waves in oocytes, Nat. Commun. 8, 849
(2017).

L012054-7


https://doi.org/10.1021/bi300758e
https://doi.org/10.1038/ncb3251
https://doi.org/10.1038/s41467-017-00979-6

