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Spontaneous rotation and propulsion of suspended capsules in active nematics
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We investigate the dynamics of elastic capsules suspended in two-dimensional active nematic fluids using
lattice Boltzmann simulations. The capsules, modeled as flexible membranes enclosing active internal regions,
exhibit a rich variety of behaviors shaped by their geometry and the interplay between internal and external
activity. Circular capsules with active interiors undergo persistent rotation driven by internally confined +1/2
topological defects. Axisymmetric capsules, such as boomerangs, develop directed motion along their axis
of symmetry due to unbalanced active forces generated by defect distributions near their boundaries. We
further show that capsule flexibility suppresses motility and rotation, as active stresses are dissipated into
shape deformations. These findings reveal how shape, deformability, and defect dynamics cooperate to produce
emergent motility in soft active matter, with potential applications in the design of microswimmers and drug

delivery vehicles.
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Elastic thin shells, deformable surfaces that sustain both
bending and stretching, play a central role across soft matter
physics and biology, from viral capsids and synthetic vesi-
cles to red blood cells and tissue spheroids [1-3]. When
these shells are immersed in active nematic fluids, which are
nonequilibrium media of energy-consuming, orientationally
ordered constituents, they are subjected to stresses that drive
complex and often unexpected dynamics. The problem be-
comes even richer when the shell encloses a distinct internal
phase, passive or active, introducing new couplings between
internal and external flows, active stresses, and mechanical
resistance.

Active nematics exert anisotropic and time-dependent
stresses on the shell through self-organized flows and the
motion of topological defects [4-9]. The response of the cap-
sule is further modulated by its interior: a passive fluid sets
the balance between external stresses and internal pressure,
while an active interior generates its own stresses [10,11].
Even a passive interior is far from trivial: the chaotic dy-
namics of active nematics [12-20] enhance the dispersion
and drive the anomalous transport of tracers and droplets
[21,22]. Symmetry-breaking effects are also prominent: chiral
asymmetric inclusions rotate persistently [23,24], akin from
observed in bacterial suspensions [25,26], while symmetric
ones typically rotate only randomly [23], unless confinement
stabilizes vortical flows [27]. On the other hand, circular
cavities with appropriate size filled with active nematics can
trap a pair of rotating defects in a yin-yang-like configuration
[28,29], recently extended to three dimensions [30]. What
remains unclear is how suspended elastic shells respond to
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such flows, particularly when active fluids exist both inside
and outside.

In this setting, two active nematic regions act simultane-
ously on the shell, producing highly nontrivial interactions
between internal and external flows. Geometric confinement,
curvature, and viscous damping inside the shell organize
defects into stable patterns or oscillations [9,11,31], while
the exterior supports active turbulence and long-range de-
fect dynamics. The resulting mismatch of stresses across the
boundary creates a unique playground for emergent dynam-
ics, including spontaneous rotation, symmetry breaking, and
shape instabilities [32,33].

In this Letter, we investigate these phenomena by coupling
hydrodynamic simulations of active nematics to an elastic-
shell model. We find that circular capsules with a suitable
size develop persistent rotation, unlike filled disks. Strikingly,
boomerang-shaped capsules acquire motion coupled to the
capsule orientation. In both cases, the dynamics originate
from the coupling between the motion of topological defects
and the capsule shape. We further study the role of shell
flexibility.

The active nematic is described within a standard two-
dimensional continuum hydrodynamic framework. The local
orientational state is represented by the director field n, spec-
ifying the mean particle alignment, while the degree of order
is quantified by the scalar order parameter S. Because parti-
cles are apolar, the appropriate description is the symmetric,
traceless tensor order parameter, Qupg = 25(ngng — 84p/2),
which couples to the flow through the Beris-Edwards equa-
tion, together with the incompressibility condition and the
Navier-Stokes equation [5,12,34]:

atQaﬂ + vyayQotﬂ - Sozﬁ = FHaﬁ’ (1)

©2026 American Physical Society


https://orcid.org/0009-0000-9702-062X
https://orcid.org/0000-0001-8849-9990
https://orcid.org/0000-0001-8904-0778
https://ror.org/03nb7yk44
https://ror.org/01c27hj86
https://ror.org/01c27hj86
https://ror.org/03prydq77
https://ror.org/03t78wx29
https://ror.org/02wnmk332
https://crossmark.crossref.org/dialog/?doi=10.1103/nvrc-3mlt&domain=pdf&date_stamp=2026-04-01
https://doi.org/10.1103/nvrc-3mlt

SANTOS, TELO DA GAMA, AND COELHO

PHYSICAL REVIEW E 113, 1043401 (2026)

(b)

()

MSAD

0.2

t 106

0.6 0.8 1.0

FIG. 1. Spontaneous rotation of circular capsules. (a) Fields around capsules of different sizes. From left to right: director field (lines)
and charge density (colors) at different times, time-averaged charge density, and streamlines for the time-averaged velocity field, where the
color represents its magnitude. The time averages are in the laboratory reference frame, see Fig. S9. (b) Time evolution of the total angle,
in radians, of rotation for capsules with different sizes. The capsule “s25” represents a solid capsule with D = 25. (c) Mean squared angular
displacement, in squared radians, versus time for capsules of different sizes. Two slopes are indicated as a reference. The inset indicates the

slope of the curves as a function of the diameters.
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Here v is the velocity field, p the fluid density, p the pres-
sure, 1 the viscosity, ¢ the activity parameter, x the friction
coefficient, I" the rotational diffusivity, H,s the molecular
field, and S,p the co-rotational term. Capsules are modeled
as deformable elastic shells immersed in the active fluid and
coupled to the hydrodynamics through an immersed-boundary
lattice Boltzmann scheme [35-38]. At the capsules’ bound-
aries, no-slip boundary conditions and planar anchoring are
applied. The results are presented in lattice units, where
the lattice spacing between the nodes in the simulations,
the time step, and the reference density are set to one. All
sample averages considered 120 samples, and the simula-
tion box dimensions are 1024 x 1024 with periodic boundary
conditions. Full details of the model, including free-energy
contributions, boundary conditions, and the numerical imple-
mentation of the immersed-boundary method, are provided in
the Supplemental Material (SM) [39].

A striking observed feature of circular capsules is that
they can undergo persistent rotation, despite their geometrical
symmetry. This effect is only found for capsules of a specific
size, which stabilizes a pair of +1/2 defects rotating in a
yin-yang-like configuration. For smaller diameters, such a de-
fect pair cannot form, while for larger ones additional defects
appear, leading to irregular and less predictable dynamics.
Importantly, when the capsule is filled (solid), denoted as
“D = s25” in Fig. 1, persistent rotation is absent, in agreement
with recent experimental results [23].

Figure 1(a) shows the director configuration, topological
charge density, and flow fields for capsules of different di-
ameters. Only for capsules with D = 25 (among the cases in
this figure) are observed two stable and rotating +1/2 defects,
which generate a coherent circulating flow. This size is consis-
tent with the average distance between defects, Dger = 24.6,
which is the characteristic length scale of the unconfined

turbulent active nematic. The associated time-averaged veloc-
ity field inside the capsule is enhanced compared to smaller
or larger diameters, consistent with the persistence of the
rotation. This effect is also observed in the time-averaged
spatial distribution of the topological charge density. In two
dimensions, the charge density can be written in terms of

the Q tensor as g(r) = % (0:Oxx 0yQyy — 0x0yy 0,0, ). For
D = 25, the time-averaged charge density is localized around
a circle concentric with the capsule boundaries due to the
closed trajectories of the two rotating defects. This behavior
is consistent with experiments on active nematics confined
in circular cavities, where pairs of defects rotate persistently
[28,29]. In our case, the boundaries are free to move and
thus the capsules undergo global rotation as a consequence
of angular momentum conservation. Importantly, the internal
defect dynamics can drive rotation of the capsule but cannot
generate net translation. This distinction will play a central
role in our discussion of boomerang-shaped capsules. For
circular capsules, the center of mass exhibits diffusive motion,
with a diffusion coefficient that decreases with increasing
capsule diameter, as shown in Fig. S8.

The rotational dynamics are quantified in Fig. 1(b), where
the total angle of rotation of the capsule is shown as a function
of time. For D =25, a steady and monotonic increase in
the angular distance is observed, corresponding to persistent
rotation. For all other cases in this figure, including the solid
capsule with D = 25, the angle fluctuates randomly without a
clear trend.

A more detailed characterization is obtained from the
mean-squared angular displacement (MSAD), calculated as
MSAD(t) = ([0(tg + 1) — G(to)]z),o, where 6(t) is the angle
of rotation of the capsule and (-);,, denotes a time origin
average. Figure 1(c) reveals that the MSAD grows linearly
in time, with slope close to 2, only for D = 25. By contrast,
for other diameters, as well as for the solid capsule with
D = 25, the slope is close to 1, consistent with random ro-
tational diffusion. The inset of Fig. 1(c) highlights that the
slope varies nonmonotonically with the diameter, reaching
a maximum close to 2 at D = 25. We note that persistent
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FIG. 2. Directed motion of capsules with different shapes along their axis of symmetry. (a) Fields around capsules of different shapes.
From left to right: director field (lines) and charge density (colors) at different times; time-averaged charge density; and streamlines for the
time-averaged velocity field, where the color represents its magnitude. The averages are in the laboratory reference frame; they follow the
capsule orientation for the boomerang, see Fig. S4 [39]. The arrows indicate the symmetry axis of the capsules, e;. (b) Capsule velocity along
its symmetry axis for the different shapes indicated in “c.” The last one is for a solid capsule with boomerang shape. The dashed lines indicates
the zero. (c) Histogram of the angle between the velocity field and the symmetry axis for the different shapes: circle, triangle, boomerang, and
solid boomerang. (d) Mean squared displacement in the direction of the symmetry axis (MSD,) and (e) mean squared angular displacement
(MSAD), in squared radians, versus time for different shapes. Two slopes in each plot are indicated as a reference.

rotation is observed over a finite range of capsule diameters,
with a maximum around the optimal size. Additional simula-
tions at higher activity, which reduce the characteristic defect
spacing to Dger = 13.2, show that persistent rotation shifts to
smaller capsules with D >~ Dy, while larger capsules display
only random rotations (see Fig. S9).

Taken together, these results demonstrate that persistent
rotation of circular capsules emerges only when confinement
accommodates precisely two +1/2 defects in a yin-yang con-
figuration. The phenomenon is absent in both smaller and
larger capsules, and suppressed entirely in solid inclusions,
underscoring the essential role of defect-flow coupling in
producing emergent motility in active nematic shells. This
system demonstrates that it is possible to achieve persistent
rotation with a symmetrical structure, which can be used in
applications involving micromotors and energy production at
the micro scale.

Our conclusions apply most directly to quasi-2D active ne-
matic systems, such as microtubule-kinesin films or bacterial
monolayers, while extrapolation to fully 3D active nematics
[40] is nontrivial because point defects are replaced by discli-
nation lines and no direct 3D analog of the rotating yin-yang
defect pair is known.

To assess the role of geometry, we simulated capsules with
three different shapes and the same size equal to 25: circular,
triangular with smooth edges, and boomerang shaped; see
Fig. 2. The circular and triangular capsules both accommodate
a pair of internal defects that rotate persistently, leading to
coherent global rotation. This is clearly visible in Fig. 2(a),
which shows the time-averaged velocity fields and topological
charge densities, and in Fig. 2(e), where the mean-squared
angular displacement (MSAD) exhibits a slope close to 2.
These results are consistent with our previous analysis of
circular capsules, confirming that internal defect dynamics
drive persistent rotation for appropriate sizes.

In contrast, boomerang-shaped capsules display a qual-
itatively distinct behavior. They do not rotate persistently:
the MSAD in Fig. 2(e) has slope close to 1, character-
istic of random rotations. Instead, these capsules undergo
directed translation along their symmetry axis, draw in
Fig. 2(a). This is evident in Fig. 2(b), which shows the ve-
locity component along the symmetry axis (always positive
for boomerangs, but fluctuating around zero for circles and
triangles) and in Fig. 2(d), where the mean-squared displace-
ment along the symmetry axis (MSD,) grows with slope
close to 2 for boomerangs, while remaining close to 1 for
the other shapes. Figure 2(c) indicates that the instant ve-
locities of the boomerang-shaped capsules are concentrated
around the symmetry axis. The mean-squared displacement
along the symmetry axis is defined as MSD,(¢) = ([ fé v(s) -
e.(s))ds)?), where (v(1))-eq(t)) is the velocity along the
capsule’s symmetry axis, e;, at time t. The integral re-
sults in the “net distance” traveled along the symmetry axis.
The ballistic scaling of the MSD along the symmetry axis
does not cross over to diffusion, since the capsule pro-
pels persistently in that direction; diffusion appears only in
the center-of-mass motion measured in the laboratory frame
(Fig. S13).

The mechanism underlying this behavior is again defect
mediated, but with a crucial difference: in boomerangs, inter-
nal defects are not stabilized by the capsule shape and size
[Fig. 2(a)], so there is no persistent internal defect motion
to drive rotation. Instead, the U-shaped concavity at the rear
of the boomerang favors the trapping of positive defects in
the surrounding active nematic. Indeed, a region of enhanced
positive charge density is observed behind the capsule in
Fig. 2(a). These external defects, together with the geometric
asymmetry of the capsule and the planar anchoring at its
surface, generate a net active force that propels the capsule
forward.
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A simple estimate illustrates the mechanism. For planar
anchoring and constant order parameter S, the active force
density on a curved boundary is f; = —2¢S « n;, where k =
1/R is the local curvature and n the normal. Integrating over

a circular arc of opening angle A9 gives F = 4¢S§ sin(%).
For a semicircular rear (A6 = ) this reduces to F = 4¢SS,
showing that the propulsive force is set by the activity and
nematic order, independent of the capsule size for this ideal-
ized geometry [39]. Note that the contribution from the inner
curvature does not generate net translation due to momentum
conservation. In addition, the forces associated with the three
edges tend to cancel one another, as occurs for the symmetric
triangular capsule (Fig. 2).

From the analytical calculation, we can infer the behav-
ior in different conditions. For planar anchoring, reversing
the activity from extensile to contractile changes the sign of
the active force and thus reverses the direction of propul-
sion of the boomerang-shaped capsule. For homeotropic
anchoring, the active force density becomes tangential to
the capsule boundary and integrates to zero, so that no
net propulsion is expected for either extensile or contractile
activity.

As emphasized earlier, internal active fluid can only drive
rotation, not translation; here, it is the interaction with the
external fluid that is essential for translation-orientation cou-
pling. We note that while the MSD, along the symmetry
axis is ballistic for boomerangs, the overall mean-squared
displacement of the center of mass remains diffusive (see
Fig. S13).

To further assess the role of internal defects, we also simu-
lated a solid (filled) boomerang-shaped capsule. Its qualitative
behavior was indistinguishable from that of the fluid filled
boomerang (Fig. 2), exhibiting directed propulsion along
its symmetry axis and only random rotations. This result
demonstrates that internal defects play only a minor role in
the translational dynamics of boomerang-shaped capsules.
Instead, the directed motion arises predominantly from the
interaction between the capsule geometry, surface anchoring,
and the external defect field.

We now address the role of capsule flexibility. So far,
the capsules were quite rigid with only small deformations
(Fig. S7). In recent experiments [28,41], solid structures were
designed with either rigid or flexible backbones, although
they were attached to the substrate. Future experiments may
consider suspended flexible capsules, for which the effect of
deformability becomes particularly relevant.

In our simulations, capsule rigidity is controlled by the
parameter k, which tunes both bending and stretching re-
sistance [39]. Figures 3 and 4 indicate that a minimum
rigidity is required for capsules to sustain persistent rotation or
translation-orientation coupling. For boomerang-shaped cap-
sules [Fig. 3(a)], when k < 10 the capsule cannot maintain
its geometry, losing the U-shaped rear that accommodates the
positive defects. As a consequence, no coherent propulsion is
observed. This is reflected in the mean-squared displacement
along the symmetry axis (MSD,): for k > 10 the slope is close
to 2, indicating ballistic translation aligned with the capsule
axis, while for k& < 10 the slope is close to 1, corresponding to
random motion [Fig. 3(b)]. The slopes as a function of rigidity
[Fig. 3(c)] highlight a clear transition around k£ >~ 10.
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FIG. 3. Flexible boomerang-shaped capsules of size D = 25.
(a) Time evolution of the shape of capsules with different stiffness.
(b) Time evolution of the mean squared displacement along the
capsule symmetry axis for different values of stiffness. Two slopes
are indicated as reference. (c) Slopes of the curves as a function of
the stiffness.

A similar effect occurs for circular capsules, Fig. 4. For low
rigidities, the capsule shape deforms substantially, stretching
along one direction and thus preventing the formation of a
stable rotating pair of +1/2 defects. As a result, the dynamics
reduce to random rotations, with the MSAD displaying a slope
close to 1, Fig. 4(b). Above k =~ 10, the capsules preserve their
circular geometry and accommodate the yin-yang defect pair,
recovering persistent rotation with MSAD slope close to 2
[Fig. 4(c)].

This rigidity threshold can be rationalized in terms of a
nondimensional ratio comparing elastic and active stresses.
The characteristic active stress scales as o, ~ ¢, while the
elastic stress resisting deformations scales as o, ~ k /Rz, with
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FIG. 4. Flexible circular capsules of size D = 25. (a) Time evo-
lution of the shape of capsules with different stiffness. (b) Time
evolution of the mean squared angular displacement for different
values of stiffness. Two slopes are indicated as reference. (c) Slopes
of the curves as a function of the stiffness.
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R the capsule radius. Persistent rotation or propulsion is only
sustained when o, /o, > 1, corresponding to k > k. ~ {R?> ~
6.3. The observed transition around k >~ 10 is consistent with
this scaling estimate, indicating that rigidity must be sufficient
to suppress active-flow—induced distortions that otherwise de-
stroy the defect structures responsible for coherent motion.

In all cases, the center-of-mass motion of both flexible
and rigid capsules remains diffusive (see Figs. S11-S13).
However, the effective diffusion coefficient decreases with
decreasing rigidity, as flexible capsules dissipate more energy
into shell deformations rather than transmitting it to transla-
tional motion in the active fluid.

The existence of a rigidity-controlled transition also points
to potential applications in drug delivery and microfluidics.
For example, rigid boomerang-shaped capsules could be en-
gineered to exploit translation-orientation coupling for guided
transport. Upon reaching a target environment, their rigidity
could be reduced, e.g., through temperature or chemical trig-
gers, causing them to lose directional propulsion and switch to
random motion, thereby enhancing local release and mixing
of encapsulated compounds.

In summary, we have shown that suspended elastic
capsules in active nematics display a rich variety of defect-
mediated dynamics governed by their size, shape, and
rigidity. Circular capsules can rotate persistently despite their
geometrical symmetry, provided their diameter stabilizes a

yin-yang pair of defects, while boomerang-shaped capsules
break symmetry and drive translation-orientation coupling.
Flexibility plays a central role: below a critical rigidity, cap-
sules deform, fail to sustain stable defect structures, and lose
persistent motion. These results highlight defect-capsule cou-
pling as a general mechanism for emergent motility in active
fluids and suggest design principles for microswimmers and
active delivery vehicles, where shape and mechanical proper-
ties may be tuned to control transport and release.
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