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Active rods propelled along their long axis align their velocities and orientations simultaneously in collision. However,
as the propulsion is perpendicular to the long axis, velocity alignment becomes dynamically difficult. Here, we show that
ellipsoidal Quincke roller propelled along their short-axis (perpendicular to the long axis) can align their velocities by
flipping and form flocking with nematic order. The flipping arises from the reversible transition between the static parallel
spinless state and the spinning transversal state of ellipsoidal Quincke rollers. This is possible only near (above) the critical
field where both the parallel spinless state and the spinning transversal spinning are metastable. The flipping-facilitated
alignment offers an extra aligning mechanism for elongate active agents, and the resulting active liquid crystals serve a
model system to explore the defect dynamics as the propulsion deviates from the local nematic orientation which has not

been addressed yet.
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1. Introduction

Active matters are composed of self-propelled parti-
cles which continuously converse energy into mechanical
work. 121 Active matters widely exist in biological sys-

341 actin

tems which ranges from microscopic bacteria,!
filaments, 301 celll”] to macroscopic fish schools™®! and bird
flocks.[%101 Various collective motions, such as flocking,[!!]

13]

activity waves,!!?! and vortices!!3 can emerge spontaneously

in active matters. In collective motions, active units move
with the same speed and direction of their neighbors.*!31 To
form collective motions, active units have to align their ve-

16.17] The aligning interactions generally

locities in collision. !
arise from local interactions between active particles. For ex-
ample, self-propelled rods moving along their long axis, such
as bacteria,!'® actin filaments,[!°! and microtubules,?"! align
their velocities parallelly or antiparallelly (apolar or nematic
alignment) because of volume excluded effect and inelastic

21.22] At the same time, the orientations of

nematic collision.!
rods are aligned as well, giving rise to active liquid crystals
with nematic order.?3! In this case, the alignments of veloc-
ities and orientations are coupled. Similar phenomena were
observed in systems of artificial self-propelled rods includ-
ing shaken cylindrical granular particles,?!>*! and chemically

driven Janus rods.[2>-26]
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In dilute systems, self-propelled rods can form polar

(28] (290 station-

clusters,?”! polar bands,?®! traveling polar bands,
ary nematic bands,'”! and standing waves.[*"! In dense sys-
tems, the alignment of rods leads to large-scale liquid crystals
with nematic symmetry. However, in liquid crystals of active
rods, topological defects can spontaneously generate or anni-
hilate such that long-range nematic order is destructed and ac-
tive turbulences form.3! Distinct from passive liquid crystals,
topological defects in active liquid crystals are active: They
move, annihilate and form continuously. The emergence of
active liquid crystals is widely involved in various subcellu-
lar processes.3?! Topological defects as organization centers
play a critical role in regeneration.*3! Therefore, the motion
of topological defects in active liquid crystals is of fundamen-
tal importance in understanding the dynamics of cellular pro-
cesses, and has been studied extensively.

Several theoretical models of topological defects in ac-
tive liquid crystals have been established.[*l These models
focus on systems where active rods are propelled along their
long axis such that active forces are parallel to local orienta-

35361 In this case, the active stress is proportional

tional order.!
to nematic tensor, and the comet-like defects are propelled in
the direction of active forces.’*! Tt is of great interests theo-

retically to know how the collective behaviors of active rods
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and the defect dynamics will be modified if active rods are
propelled along their short axis. Experimentally, however, it
is a challenge to prepare active rods propelled transversally
along the short axis. In this case, ellipsoidal Quincke rollers
serves a model system where the active ellipsoids are pro-
pelled transversally along the short axis.[*”! Nevertheless, the
observations show that as the elongated rollers are propelled
along the short axis, there motions are impeded once the ve-
locities are aligned antiparallely. In passive systems, thermal
diffusion is helpful in dissolving the antiparallel state. Nev-
ertheless, the self-propelled ellipsoids are strong in persisting
the direction of velocity, which enhances the resistance to the
alignment of orientations. As a result, dynamic clusters form.
In the dynamic clusters, orientations are disordered and the
mobility of ellipsoidal rollers is significantly reduced due to
the jammed motion.3”) It demonstrates that as the shape po-
larity and the force polarity of elongated particles are not par-
allel to each other, the alignments of velocity and orientation
compete with each other.

In previous studies, the motion of elongated Quincke
rollers is constrained in two dimensions.3”-38! In this study,
we show that ellipsoidal Quincke roller can align their motion
and form active liquid crystals by flipping. The flipping arises
from a reversal transition between the static parallel state and
the transversal spinning state of ellipsoidal Quincke rollers.
The resulting active liquid crystals travel perpendicularly to
the direction of nematic order. This is distinct from conven-

tional active liquid crystals.

2. Materials and methods

2.1. Experimental setup

Polystyrene ellipsoidal particles of an aspect ratio 2.0 are
dispersed in a 0.12-mol/L (AOT/hexadecane) solution. The
suspension is sealed between two indium-tin-oxide—coated
(ITO) glass slides. The distance between the two slides is
around 110 4= 10 um. Dynamical processes are observed with
a Nikon microscope (10x objective) and recorded at a rate of
1000 FPS. The positioning and tracking accuracy of particles
can reach 100 nm (0.1 pixels) using IDL codes, with an orien-

tation tracking accuracy of 0.0114.[4%

2.2. Critical electric field

For spherical Quincke rollers, the critical electric field is
defined as the magnitude of the external electric field at which
the spherical Quincke rollers can stably rotate in the solu-
tion. By analogy with the definition of the critical electric field
for spherical particles, the critical electric field for ellipsoidal

Quincke rollers is defined as the magnitude of the external

electric field at which the ellipsoidal Quincke rollers transition
from a static parallel spinless state to a spinning transversal
state In this study, the critical electric field for the ellipsoidal
Quincke rollers is approximately 1.6 V/pm.

2.3. Velocity autocorrelation

The velocity autocorrelation is calculated with the veloc-
ities of particles by

Co(an =Y

i

< v;(1) - v;(t + Ar) >t '

(1) - Joi(t + Ar)
The results are averaged over time ¢ and all concerned parti-
cles i.

2.4. Velocity-velocity spatial correlation

The velocity—velocity spatial correlation is calculated

with the velocities of particles by

. vi(r)-v;(r+Ar)
G ;<mmrww+mﬂ>

The results are averaged over time ¢ and all concerned parti-

cles i.
3. Results
Ellipsoidal particles are obtained by stretching

polystyrene spheres as described in references.**#! The el-
lipsoidal particles are propelled by an external electric field
to rotate (Quincke rotation) and move on the plane perpen-
dicular to the electric field.?”! To activate Quincke rollers,
the electric field has to be above a critical value.!'*?l Below
the critical field, the ellipsoidal particles are electrically po-
larized and aligned with their long axis along the direction
of electric field, giving rise to the static parallel spinless state
(PSS, Fig. 1(a)).l'1:3743] Above the critical field, PSS becomes
unstable with respect to the spinning transversal state (STS,
Fig. 1(a)). In STS, the dipole moment along the short axis
leads to the torque for the rotation around long axis while the
dipole moment along the long axis leads to the torque to tilt
the long axis. The rotation around a tilted long axis results in
the rotation around the electric field, giving rise the chirality
of ellipsoidal rollers. In the absence of sliding, there is no
translational motion along the long axis. In this system, ther-
mal Brownian motion is absent because of the high viscosity
of solvent.

In principle, it is possible for the ellipsoidal Quincke
rollers to form large-scale collective motions in which the
long axis is aligned in the same direction while all rollers ro-
tate and move in the same direction perpendicular to the long
axis (Fig. 1(a), parallel alignment). In practice, however, two

ellipsoidal Quincke rollers colliding with different directions
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of velocity form overwhelmingly the antiparallel alignment
(Fig. 1(a)) in which the motions of rollers are impeded by
each other because of the volume excluded effect and the per-
sistence of propulsion, giving rise to the jamming and the re-
duction of mobility. As a result, collision of multiple particles
leads to the formation of dynamic clusters (Figs. 1(b) and 1(d),
Movie 1 in the supporting information).
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Fig. 1. Collective behavior of ellipsoidal Quincke rollers. (a) Below the crit-
ical electric field E., ellipsoidal Quincke rollers stay in the parallel spinless
state with their long axis aligned with the electric field. Above E, ellipsoidal
Quincke rollers roll on the plane perpendicular to the electric field. For two
ellipsoidal rollers with the same orientation, their velocities can be parallel
or antiparallel. In the antiparallel alignment, the persistent propulsion im-
pedes the motion each other. (b) Dynamic clusters from at E/E; = 1.79.
The directions of velocities are presented by color in panel (d). (c) Flocking
of ellipsoidal Quincke rollers observed at E/E. = 1.02. The directions of
velocities are colored in panel (e). (f) Dependence of speed on local density.
The overall area fraction is ¢ = 0.4, and the aspect ratio of ellipsoidal rollers
is k =2.0. Scale bar: 50 pm.

In dynamic clusters, it is dynamically blocked for rollers
to reverse the direction of velocity by rotating the long axis
in two-dimensional (2D) plane. In the absence of activity, the
rollers can align their orientations spontaneously due to the
volume excluded effect to reduce the free energy. For active
ellipsoidal Quincke rollers, however, the electric dipolar in-
teractions are significant and sensitive to local configurations.
The dipolar interactions can stabilize various dynamic clusters
rather than to align the long axis.[*’! The dense clusters co-

exist with a dilute phase in which rollers move freely. This

scenario is an analogue to the mobility-induced phase separa-
tion (MIPS) observed in active Brownian systems. [*#3] Nev-
ertheless, the dense clusters of MIPS represent a stable dense
phase while the dense clusters of ellipsoidal Quincke rollers
are transient and have a finite life time. 3]

In our previous study observations were focused on where
STS state is stable and the motion of ellipsoidal rollers is con-
fined in two dimensions.®’! No flocking emerges therein. In
this study, however, as E is near (above) the critical value
E., flocking emerges unexpectedly as shown in Figs. 1(c) and
1(e) (Movie 2). At high electric field, the activity (speed)
of ellipsoidal rollers is lower in dense clusters than that in
low density regions because of the impeded motion (Fig. 1(f),
E =1.79E,). However, accompanying the emergence of flock-
ing, the dependence of activity (speed) on density is reversed:
the higher the density, the higher the activity is. This is in con-
sistent with the observations of spherical Quincke rollers.*¢]
The mechanism is that as Quincke rollers are aligned in ve-
locity, the interaction between in-plane dipoles enhances the

e

torque of Quincke rotation.'™' This mechanism is applicable

to ellipsoidal Quincke rollers. To verify the emergence of
flocking, the typical trajectories of ellipsoidal rollers observed
under different electric field are followed (Fig. 2(a)). In con-
sistent with the emergence of flocking, the trajectory near the
critical field (E = 1.12E,) is smooth and well-directed. Upon
the increase of E, the trajectories become increasingly curved
and irregular with random changes of direction. The mean
squared displacements (MSD) at high electric field are char-
acterized by two linear regions (Fig. 2(b)). At short time scale
(< 10 ms), the mean square displacement <Ar> increases with
time by ¢, suggesting a ballistic motion. At long time scale
(> 100 ms), the MSD increases linearly with . The ballis-
tic behavior arises from the propelled motion between two
sequential collisions with clusters. The rollers change their
direction randomly each time as they collide with a cluster,
giving rise to the long-time scale Brownian motion. As E
approaches the critical value, the motion becomes persistent
in direction because of the emergence of flocking. Velocity
correlation functions offer an additional measurement about
the persistence length and the persistence time of the motion.
At high electric fields (E = 1.79E,), the velocity autocorrela-
Near the critical field
(E = 1.02E,), the strong correlation (> 0.5) persists up to

tion decays down to 0.5 after 10 ms.

100 ms. The spatial velocity correlation (> 0.5) near the crit-
ical field extends up to 40 um (Fig. 1(d), £ = 1.02E.) while
at high electric field, only neighbored particles exhibit a weak
correlation. Combining the above observations, it follows that
collective motion emerges near the critical field.

076401-3
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Fig. 2. Dynamic behavior of ellipsoidal Quincke rollers under different electric fields. (a) Typical trajectories of ellipsoidal Quincke rollers in 300 ms.
(b) Means squared displacements (MSD). (c) Velocity autocorrelation. (d) Velocity—velocity spatial correlation.

To find out the mechanism underlying the emergence of
flocking, the alignment of two ellipsoidal Quincke rollers at is
followed (Movies 3(a)-3(d)). It is found that as two ellipsoidal
rollers moving with different directions meet (Fig. 3(a)), they
do not change their direction by 2D rotation. Instead, they
stop rolling and flip to PSS by aligning their long axis along
the direction of electric field (Figs. 3(b) and 3(e)).

(a) ’ (b)w B ©)
) ro9 ¢
X

- 202

f

Fig. 3. Alignment of two rolling ellipsoidal Quincke rollers by flipping.
(a) Spinning transversal state before colliding. (b) Parallel spinless state.
(c) Aligned rolling. E/E. = 1.02. Scale bar: 10 pm. (d)—(f) The three-
dimensional (3D) schematics of the particle states in panels (a)—(c).

Nevertheless, the PSS of two rollers is not stable. They
fall down and begin to roll with a common direction. The
two ellipsoids align their velocities and orientations by flip-
ping from STS to PSS. The aligning by flipping is ob-
served at different colliding angles and different environment

(Movies 3(b)-3(d)), representing a general mechanism near

the critical field. The reversible transition between STS and
PSS demonstrates that as E is above but close to the critical
field, both STS and the PSS are metastable. The mechanism
is that the stability of STS is dependent on the rotation speed
around the long axis.

A high rotation speed can stabilize STS and suppress the
flipping.[*”] As the rotation speed decreases upon the decrease
of E, the stability of STS decreases. Near (above) the criti-
cal field, isolated rollers can also transition reversibly between
STS and PSS as shown in Fig. 4 (Movie 4) where the direc-
tion of rolling is selected randomly in the transition from PSS
to STS. As two interacting spinless rollers fall down simulta-
neously, their rolling directions are coupled and aligned in the
transition from PSS to STS as demonstrated in Fig. 3. Alterna-
tively, if one static roller in PSS is collided by a moving roller,
the transition from PSS to STS is not random in the selection
of direction. Instead, the static roller falls down and starts to
roll in the same direction of the impactor (Fig. 5, Movies 5(a)
and 5(b)). It follows that near (above) the critical field, two
ellipsoidal Quincke rollers in rolling states (STS and STS) or
distinct states (STS and PSS) can align their velocities by flip-

ping.

076401-4


http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/adc669
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/adc669
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/adc669
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/adc669
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/adc669

Chin. Phys. B 34, 076401 (2025)

(b)

(d)

Fig. 4. Spontaneous flipping of individual ellipsoidal rollers. White arrows mark the direction of rolling. E/E. = 1.02. Scale bar: 20 pm.

@p va ) [ T A O

0.0z poeR oy IX

Fig. 5. A static spinless roller takes the same directions of the rolling roller
after the collision. (a) The rolling particle is approaching the static spinless
particle. (b) The spinless particle falls down with aligned orientation. (c) The
two rollers are aligned both in velocity and orientation after the collision.
E/E. = 1.02. Scale bar: 10 pm. (d)—(f) The 3D schematics of the states
in panels (a)—(c).
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Fig. 6. Flocking of ellipsoidal Quincke rollers disassembles spontaneously
due to the polydisperse chirality at E/E, = 1.02. (a) Colored velocities in
flocking. (b) Trajectories in flocking.

Above the critical field, the stability of STS is depen-
dent on the mobility or the rotation angular speed around the
long axis. Only as the angular speed is high enough, the long
axis can be confined in the plane perpendicular to the field. !
In general, however, the long axis is tilted with an acute an-
gle to the plane. The tilted spinning leads to the rotation of
long axis around the electric field, giving rise to the proces-

sion and curved trajectories. As a consequence, the motion

of ellipsoidal Quincke rollers is characterized by a tunable

[37) Increasing the electric field and the spinning an-

chirality.
gular speed can suppress the tilting. However, near (above)
the critical field, the chirality of ellipsoidal Quincke rollers
is remarkable such that motion is not persistent in direction.
Quincke rollers with well-defined chirality can form steady
vortices.*8] However, different from regular chiral particles,
the chirality of ellipsoidal Quincke rollers is flexible in motion
because the tilting of long axis is not steady in motion. There-
fore, the chirality of ellipsoidal Quincke rollers in a flocking is
polydisperse both in direction and curvature. As a result, the
flocking of ellipsoidal Quincke rollers near the critical field is
not stable (Fig. 6 and Movie 6): The flocking disassembles
spontaneously because of the non-uniform chirality.

In summary, active rods propelled transversally are dy-
namically difficult to align their velocities in collision. Nev-
ertheless, ellipsoidal Quincke rollers near (above) the critical
field can align their velocities and form nematic order by flip-
ping. The resulting active liquid crystals offer a model system
for the exploring of defect dynamics in active liquid crystals
in which active rods are propelled transversally. This is of
great interests in extending and completing our understanding
of active liquid crystals, considering the facts that existing the-
ories and models are built on the observations of active rods
driven along the axis. However, the nematic order of ellip-
soidal Quincke rollers is not stable near the critical field be-
cause of the non-uniform chirality. In our recent studies, 48]
it is found that ellipsoidal Quincke rollers driven by an alter-
nating electric field can form steady large-scale collective mo-
tions with nematic order. In future studies, defect dynamics in
the active liquid crystals of ellipsoidal Quincke rollers will be

explored.
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