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Active colloidal fluids, biological and synthetic, often demonstrate complex self-organization and the
emergence of collective behavior. Spontaneous formation of multiple vortices has been recently
observed in a variety of active matter systems, however, the generation and tunability of the active
vortices not controlled by geometrical confinement remain challenging. Here, we exploit the persistence
length of individual particles in ensembles of active rollers to tune the formation of vortices and to
orchestrate their characteristic sizes. We use two systems and employ two different approaches
exploiting shape anisotropy or polarization memory of individual units for control of the persistence
length. We characterize the dynamics of emergent multi-vortex states and reveal a direct link between

Received 8th March 2021, the behavior of the persistence length and properties of the emergent vortices. We further demonstrate

Accepted 14th April 2021 common features between the two systems including anti-ferromagnetic ordering of the neighboring vortices
and active turbulent behavior with a characteristic energy cascade in the particles velocity field energy spectra.

Our findings provide insights into the onset of spatiotemporal coherence in active roller systems and suggest a
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1 Introduction

Active colloids use energy from the environment to maintain
complex collective dynamics and self-organization not accessible
at equilibrium.”"® Recently, the shape asymmetry of active particles
has been used as a control parameter to enrich collective dynamics
and self-organization in active colloidal systems.” " Active spinner
fluids, comprised of autonomous spinning units injecting energy
and angular momentum at the single particle level, represent a
new class of active synthetic materials that enable unique dynamic
phases and transport characteristics.'*>?

A prime example of active spinner fluids is a Quincke rollers
ensemble that utilizes Quincke electro-rotation instability®*>*
for propulsion. In the presence of a uniform electric field E,
the contrast in the electrical conductivity ¢ and permittivity &
between the particle and fluid causes mobile ions to accumu-
late at the particle—fluid interface (Fig. 1a). The resulting dipole
P follows a relaxation dynamic:
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control knob for manipulation of dynamic self-assembly in active colloidal ensembles.

where Ty is the Maxwell-Wagner polarization time, which solely
depends on the electrical properties of particle “p” and the hosting
solution “s” (for spherical particles Ty = (gp + 2¢5)/(0p + 20)). ye is a
parameter dependent on electric permittivities of the carrier fluid
and the particle as well as the liquid conductivity."® For electric
fields larger than a certain critical value, the induced dipole
becomes unstable and spontaneous symmetry breaking occurs,
leading to the particle rotation with a constant rate Q with the
rotation axis in the plane perpendicular to the applied electric
field. When the particle is located near a surface transversal to
the applied field, such rotation is converted into a translational
motion v parallel to the surface (see Fig. 1a). Since the electric
field is normal to the surface, the electro-rotation of spherical
Quincke rollers induces translational motions in random initial
directions along the surface making them a perfect example of
active particles.

It has been demonstrated previously that a large population
of Quincke rollers self-organize into a single giant vortical
structure®® with spontaneously selected sense of rotation. The
formation of such emergent structure relies on a presence of a
confining boundary that determines a characteristic scale of
the vortex. While the formations of multiple vortices or vortex
arrays in active systems have been previously observed in
experiments and simulations,?*?°** controlled formation of
vortices in unconfined systems by using tunable kinematic
parameters has remained a challenge and rarely been investi-
gated experimentally.>® In the present paper we explore two
experimental realizations of well-localized tunable vortices
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Fig. 1 Persistence lengths of Quincke rollers. (a) Sketch of Quincke rollers: static (DC) electric field induces particle polarization; above a certain
threshold of the electric field a particle develops spontaneous rotation about an arbitrary axis in the plane perpendicular to the applied field. Rotations
near a surface transform into a net translational motion along the bottom surface of the experimental cell. (b) Persistence length L, of pear-shaped rollers
as a function of the applied electric field strength. Depending on the field strengths, three distinctive modes of rolling can be realized illustrated by the insets: o
("heads-out”, 0 > 0), B (0 = 0) and y ("heads-in", 0 < 0). 0 is the angle between the bottom plane and particle’s long-axis orientation n. dy. is the size of a pear-
shaped particle. Blue dash lines illustrate corresponding trajectories. The black dash line indicate the crossover field where the persistence length reaches its
maximum. The area fraction ¢ is 0.012. (c) Persistence length L, of dilute spherical rollers controlled by the polarization memory tr/tmw by means of a pulsed
electric field with a duration tr spaced with t1. Depending on t1/tmw ratio, a particle can perform a fully correlated random walk (left inset), partially correlated
random walk (middle inset) and uncorrelated random-walk (right inset in (c)). Red dots indicate points at trajectories where the particle fully stops. ds is the
diameter of a spherical particle. Shaded area represents the range of controlled parameters (z1/tmw) Which would lead to the formation of multiple vortices.

emerging without the aid of geometrical confinements. By
limiting the persistence length of individual active rollers,
either by the use of shape anisotropy or polarization memory,
we induce multiple self-organized vortices that are independent
of any boundaries. We reveal that characteristic size of such
vortices is directly related to the persistence length of indivi-
dual active particles and could be manipulated in situ. We show
that dynamic vortices prefer anti-ferromagnetic ordering
regardless of the realization methods. The similarity in collec-
tive behavior of the two systems is further extended towards an
active turbulence, with both systems showing a slope of —8/3 in
the large-k part of the particles velocity field energy spectra.

2 Experimental

In our experiments with shape anisotropic colloidal rollers we
use pear-shaped polystyrene colloidal particles (G0500, Thermo

Soft Matter

Scientific) with an averaged diameter of 4.8 um. The particles
are dispersed in a 0.15 mol L™ " dioctyl sulfosuccinate sodium
salt (AOT)/hexadecane solution with a conductivity o = 3.7 x
107 S m™". The colloidal suspension is then injected into a
cylindrical well with a diameter D = 2 mm assembled from two
Indium-Tin-Oxide (ITO) coated glass slides (IT100, Nanocs)
separated by a spacer (SU-8). The thickness of the spacer is
45 pm. The system is energized by a uniform DC electric field
applied perpendicular to the bottom plate of the cell, see
Fig. 1a. The electric field is supplied by a function generator
(Agilent 33210A, Agilent Technologies) and a power amplifier
(BOP 1000M, Kepco Inc.). The dynamics of colloidal particles is
observed under a microscope with a 4 x objective and videos are
captured by a fast-speed CMOS camera (IL 5, Fastec Imaging)
with a frame rate of 850 frames per second.

In the case of spherical colloidal rollers we use polystyrene
spheres (Phosphorex, Inc.) with a diameter d; 40 pm

This journal is © The Royal Society of Chemistry 2021
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suspended in fluid (0.15 mol L™ AOT/hexadecane solution
with a conductivity ¢ = 1.2 x 10~% S m™"). The Maxwell-Wagner
time for this system is tyyw ~ 3.85 ms. The suspension of
spherical colloidal particles is confined inside of a 2 x 2 cm?
rectangular chamber comprised of two ITO coated glass slides
(Delta Technologies), separated by a Teflon spacer with thick-
ness of 120 um. The particle motion and tracking is visualized
using an inverted optical microscope (Zeiss) mounted on a
vibration isolation table (Kinetic Systems, Inc.) and videos were
recorded at frame rates higher than 1000 frames per second by
a high speed camera (Photron). The system is powered by a pre-
designed pulsed electric field supplied by a high voltage
amplifier (Matsusada) controlled by a function generator
(Agilent Technologies) with a custom waveform controlled by
a Matlab code.

Particle tracking, flow field reconstruction and data analysis
are carried out by means of a particle image velocimetry (PIV),
particle tracking velocimetry (PTV) using open source
Matlab and Python codes (PIVLab,** Trackpy®®) as well as
custom codes.

3 Control of the persistence length

The classical Quincke systems consists of spherical particles
that persistently roll on a surface. At high Peclet numbers
defined as Pe = |v|d~"/D;or, where |v|, d and Dy, are the particle
linear velocity, particle diameter and the rotational diffusion,
respectively, Brownian noise is not capable of altering the
direction of motion and subsequently, the persistence time
Tp = Dyoc * of particles asymptotically approaches infinity.
Hence, Quincke rollers move in almost straight lines as persis-
tent runners.*” The corresponding persistence length L, = |v|t,
— o0. In a confined domain, the persistence length of Quincke
rollers becomes comparable to the characteristic length scale of
the domain. As a result, only one giant vortex with charac-
teristic length comparable to the domain size is formed in the
system.>”

Recently, we have shown that the range of motions of the
Quincke rollers can be extended (1) via controlling the polari-
zation memory of Quincke random-walkers,®> and (2) by
exploiting the shape anisotropy of the rollers.*® In the later
case, the persistence length L of particles is strongly affected
by the shape anisotropy of the rollers. In contrast to spherical
rollers randomly selecting axis of the rotation in the plane
normal to the applied electric field, pear-shaped particles prefer
rotations along the long axis due to a viscous drag anisotropy.
For shape-anisotropic particle rotating under Quincke mecha-
nism the axis of rotation is selected by a balance between
polarization and viscous torques. Rotation along the short axis
results in significantly high viscous drag. Furthermore, since
pear-shaped particles are also asymmetric along the long axis,
the axis of rotation is often tilted with respect to the long axis
leading to curved rolling trajectories with curvatures depending
on the field strength.>® Once in motion, two flavors of rollers
are simultaneously realized: those moving with clockwise
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winding and rollers with counterclockwise motion.>®> The
curvature of the resulting trajectories of such chiral rollers is
controlled by the electric field strength. In general, the long-
axis of a pear-shaped roller may have an arbitrary tilt, 6, with
respect to the bottom surface of the container, and n (a unit
vector along the long-axis pointing toward the smaller sphere of
the pear-shaped roller) can point either toward or away from
the bottom surface, see Fig. 1b. The tilt angle strongly depends
on the activity in the system controlled by the electric field.*?
Experiments reveal, that at low field strengths (below 1.96 V
um™~ ") corresponding to low particle velocities, the axis is tilted
such that the particle orientation vector points away from the
substrate (6 > 0, mode «). As the activity increases with the
applied field, the tilt decreases, passes through zero (6 = 0,
mode f) and eventually points toward the substrate (6 < 0,
mode 7). Variations in a tilt angle of the rollers with the electric
field strength directly influence the curvature of the corres-
ponding trajectories, and consequently, the persistence lengths
of the rollers, see Fig. 1b. The persistence length of the pear-
shaped rollers is defined as L, = |v|zp,, where the persistence
time 7, is the time when the velocity temporal correlation
function of rollers decays to 1/e (see ESL{ Fig. S1). The
persistence length has a non-monotonic dependence on the
field strength and reaches its maximum when rollers move in f8
mode (black dash line in Fig. 1b).

In the case of spherical rollers, the degree of the polarization
memory is used to control the persistence length of individual
Quincke rollers. When rectangular electric pulses with duration
1 spaced by 7y are applied to a spherical Quincke roller, the
particle undergoes a general correlated random-walk with
different degrees of directional correlation (Fig. 1c).**> When
the rest time 7y is sufficiently longer than the polarization time
mw the particle completely depolarizes during tr and the roller
performs a fully decorrelated random walk (right inset in
Fig. 1c). The corresponding persistence length is equal to the
run length of the particle, i.e. L, = |v|tz (see more details in
ESI, Note S1). On the other end of the spectrum, for t/tyw < 2,
due to only partial depolarization the particle retains
its directional memory. Accordingly, the persistence length
asymptotically approaches infinity, similar to persistent sphe-
rical rollers under constant DC field. However, for intermedi-
ate values of 2 < tr/t\w < 4, the particle keeps remembering
its direction of motion and performs a partially correlated
random-walk.>?

4 Results and discussion

Both experimental systems allow smooth and reversible in situ
manipulation of the persistence length of the particles com-
prising the active colloidal ensembles. While mechanisms
involved in the persistence length control are different, the
dynamic response of both active fluids demonstrate striking
similarities. Both introduced systems exhibit rich phase beha-
vior of the emergent dynamic states when energized by the
electric field**** and support emergence of states with multiple
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vortices (see Fig. 2). Formation of collective phases in active
systems is promoted by velocity alignment interactions facili-
tated by inelastic particle collisions.***” In the case of Quincke
rollers, both hydrodynamic and electrostatic interactions con-
tribute to the velocity alignment interactions and, as a result, to
a buildup of spatial correlations.">** The electrostatic align-
ment interactions scale as ~ (1 — E,*/E®) (here E is a parameter
that depends on the particle and media properties), and the
hydrodynamic interactions yield no dependence on the
strength of the electric field."> For the shape anisotropic
Quincke rollers the effect of the electric field on alignment
interactions is more complicated since the strength of the field
also controls the curvature of rollers trajectories and the
localization of the rollers.

In the case of chiral rollers multiple vortices form in the
vicinity of the transition between rolling regimes of the pear-
shaped particles.®® As a result, self-organized multiple vortices
could form in all three regimes of rolling (o, B or y modes)
giving rise to distinctive vortices with either polar orientational
order (with all the particles’ orientations within the vortex
pointing away (a-vortices) or toward (y-vortices) the eye of the
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vortex) or nematic order (B-vortices) with both particles’ align-
ments present in a single vortex.*® The direction of each vortex
rotation (clockwise or counterclockwise) is spontaneously
selected, and vortices with opposite chiralities are simulta-
neously present in the ensemble in approximately equal ratio.
Vortices with the same chirality are usually separated by those
with the opposite chirality as demonstrated by the snapshots of
typical velocity and vorticity fields shown in Fig. 2b. Once
formed, vortices are dynamically stable and localized as illu-
strated by the trajectories of rollers over time (Fig. 2c). Most
rollers have circular trajectories within the vortices, while a
small fraction of rollers at the outer rims of the vortices are
delocalized.

In the regimes of the collective motion that emerge at
elevated area fraction of rollers, the average speed of the
particles increases compared to the speed of isolated rollers
at the same filed strength (see ESL, Fig. S2) owing to the onset
of macroscopic flows generated by collective phases (either
flocks or vortices) as well as reduced probability of collisions
between collectively moving particles. Corresponding persis-
tence length of the rollers, Ly, is also enhanced by a collective

RN
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Fig. 2 Emergent multiple vortices in ensembles of shape anisotropic rollers (a—c) and rollers with polarization memory (d—f). (a) Experimental snapshot
of multiple vortices spontaneously formed in the ensemble of pear-shaped rollers energized by DC electric field. Vortices rotate either clockwise (CW,
blue circle) or counter clockwise (CCW, red circle). The area fraction ¢ = 0.144. The electric field strength £ = 2.08 V um™. The scale bar is 0.5 mm.
(b) Superimposed velocity (black arrows) and vorticity (background colors) fields of the ensemble shown in (a). (c) Typical particle trajectories of rollers
shown in (a). Only 2% of particle trajectories are shown. (d) Microscopy image of vortices formed by spherical rollers under a pulsed electric field.
E=225Vum™? 15 = 10 ms, tr/tmw = 3.8. ¢ = 0.17. The scale bar is 2 mm. (e) Superimposed velocity (black arrows) and vorticity (background color) fields
of the rollers shown in (d). (f) Particle trajectories of rollers shown in (d).
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Fig. 3 Persistence lengths of pear-shaped rollers as a function of electric
field strength at different area fractions of the active rollers. White curves
outline the boundaries between dynamic phases. The black dotted line
indicates position of the transition field from a-mode to y-mode.

motion, see Fig. 3. Among all the phases, the vortices corre-
spond to the longest persistence lengths.

Manipulated by a pulsed electric field, partially correlated
spherical rollers form multiple vortices when 2 < tp/tpw < 4,
see Fig. 2d. Similar to the vortex arrays formed by pear-shaped
rollers, both vortex chiralities are simultaneously realized with
about equal probabilities as illustrated by the velocity and
vorticity fields shown in Fig. 2e. While some rollers loosely
travel among different vortices, most rollers circulate within a
specific vortex over a long time (Fig. 2f). Multiple stable vortices
are formed and localized without the confinement from the
boundary. The full phase diagram of the emergent patterns is
provided in ESI,} Fig. S3.

Characteristic size of the vortices in the self-organized multi-
vortical state observed in both systems varies with the activity
(controlled by the strength of the electric field) and roller area
fraction. To track a characteristic size of a vortex we introduce
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parameter D, defined as a second zero crossing of the velocity
spatial correlation function, Cy(r) = ((vi{ro,t)v;(ro + 7,8))i)e
(v (ro,t) )i)ey Where vi(ro,t) and vj(ro + 1,t) are velocities of roller
i and j at a relative distance r at a time ¢; ( ); is an ensemble
average; and ( ), is the time average (see ESI,t Fig. S4). For the
case of pear-shaped rollers, D, is a non-monotonic function of
the electric field strength controlling the activity in the system
(see inset of ESIL,t Fig. S4), however all the D, data obtained at
different activity levels and areal roller densities collapse on a
single curve when plotted as a function of the corresponding
roller persistence length as demonstrated in Fig. 4a. Similar
behavior is observed for spherical rollers in a pulsed electric
field, see Fig. 4b. The vortex size increases with the persistence
length L,, however as the persistence length of the rollers
approaches the average length-scale of the void space between
particles (approximately equal to the mean free path Lyg, = nd/(4¢)),
the lattice cannot accommodate larger vortices, and the curve
starts to plateau. The observed behavior is well fitted by a
simple expression, D, = Do(1 — exp(—Ly/Lo)) shown in the Fig. 4a
and b as a dashed curve. Here, D, corresponds to a maximum
vortex size that is reached at a characteristic persistence length
Ly. For both systems L, is of the order of a single mean free path
length. With all the data collapsed onto a single curve, the plot
suggests that a single parameter, namely L, controls both the
emergence and corresponding size of the vortices for all
different values of |v|, g, Tt and ¢.

Regardless of the exact mechanism of the persistence length
control used, the system robustly undergoes a transition to a
self-organized multi-vortical state in a certain range of the
persistence lengths. Spatially localized vortices with character-
istic sizes not commanded by the external boundaries further
arrange themselves into quasi-antiferromagnetically ordered
arrays with respect to the vortex chiralities. As illustrated in
the vorticity fields in Fig. 2b and e, same chirality vortices are
typically separated by vortices with the opposite chiral state.
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Fig. 4 Control of a characteristic vortex size. (a) Vortex sizes D, as a function of persistence lengths L, of pear-shaped rollers under different
experimental conditions. Multiple vortices exist in all cases. The vortex size D, is defined as a second zero crossing in the velocity spatial correlation
function of rollers (see ESI, T Fig. S4). The length of mean free path L, is defined as Lmg, = nd/(4¢), where d is a particle size. ¢ ~ 0.05-0.25 for pear-
shaped rollers. (b) Variation of a vortex size D, with the persistence length L, of spherical rollers for all experiments showing vortex arrays. In all
experiments, ¢ ~ 0.15-0.18 for spherical rollers. The dashed curves are fits to a saturating exponential function (see text for details).
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Fig. 5 A quasiantiferromagnetic order of vortex arrays. A pair correlation functions g(r.,) of vortices with opposite (red) and same (blue) chiralities formed
in the ensemble of (a) pear-shaped rollers, and (b) spherical rollers. The distance between vortices r,, is normalized by the first peak position of g(r,,) of

vortices with opposite chiralities rq .

Although a long-range antiferromagnetic order is missing in
both systems, a local antiferromagnetic order can be detected
by comparing the pair correlation functions g(r,,) of the vortices
with same or opposite chiralities shown in Fig. 5. For both
systems the first peak positions of g(r,,) calculated for same
chirality vortices (blue curve) is shifted to larger intervortex
distances r, compared to vortices with opposite chiralities (red
curve), indicating the antiferromagnetic nature of a vortex
nearest neighborhood. Such ordering minimizes the particle
collisions for rollers in the inter-vortex spaces, eases the shear
stresses from vortex generated hydrodynamic flows (see
Fig. 2b), and as a result stabilizes the multi-vortex pattern.
Similar quasi-antiferromagnetic ordering of multiple vortices
has been also observed in other active matter systems, both in
simulations and experiments,>>>%:31,38-40

We further analyzed the energy spectrum of the particle
flows in both systems in self-organized multivortical states.
Typical energy spectra E(k) of the velocity fields as extracted
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from experiments are shown in Fig. 6. Both spectra resemble
that of an inverse energy cascade in classical 2D turbulence.**
Active colloidal ensembles often demonstrate the emergence of
meso-scale turbulent motion - so called active turbulence in
analogy to the classic macroscopic Kolmogorov-Kraichnan
turbulence. However, in contrast to classical systems demon-
strating turbulent behavior, active turbulence happens at
significantly smaller Reynolds (Re) numbers (often Re < 1).
While the energy in classic turbulence cascades from large-
scale structures to smaller scales,*” active particles inject energy
at the microscopic level. Unlike the universal £ >*-decay in
large-k part of the energy spectra observed in classical Kolmo-
gorov-Kraichnan 2D turbulence,*? active turbulence does not
produce a universal exponent and different active systems often
exhibit dissimilar power-law exponents (with the majority of
the active systems, however, exhibiting either —5/3 or —8/3
behavior).?*?937%¢ Here, both systems of Quincke rollers in
multi-vortex state exhibit a consistent slope of —8/3 of the

(b) 3
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Fig. 6 Velocity field energy spectra of the vortex arrays. Energy spectra of the multivortical velocity field induced in the ensemble of (a) pear-shaped
rollers and (b) spherical rollers under pulsed electric field. Both spectra demonstrate inverse energy cascade with characteristic exponent —8/3 (black
dash lines). In (a) the area fraction is ¢ = 0.144. In (b) g = 7 ms and tt/tmw = 3.89, ¢ = 0.17. Energy spectra of the vortex arrays formed under other

combinations of tgr and t1/tmw show a similar trend.
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energy cascade in the energy spectra regardless of the mechanics
of the persistence length control, and in a wide range of control
parameters, see Fig. 6.

5 Conclusions

We demonstrate that the collective behavior of the classical
spherical Quincke rollers can be significantly enriched by
modifying their locomotion pattern through two different
methods, namely the shape anisotropy and the polarization
memory. Stable long-lived multiple vortices not controlled by a
geometrical confinement emerge in such systems of Quincke
rollers, and both vortex chiralities (clockwise and counterclock-
wise) are equally probable. Vortex arrays form in both investi-
gated systems triggered by manipulation of the persistence
length of individual rollers. We reveal a direct link between
the persistence length and properties of the emergent vortices.
We demonstrate that the typical size of localized vortices
is related to the persistence length of individual active
particles and could be manipulated in situ. The self-
assembled vortices organize into multi-vortical states with
a quasi-antiferromagnetic ordering, where identical chirality
vortices are separated by those with opposite chiralities.
We further demonstrate that both systems share similar energy
spectra of the flow velocity fields reminiscent of active turbu-
lent behavior with a characteristic slope of —8/3 observed in a
wide range of control parameters. Our findings provide insights
into the onset of spatiotemporal coherence in active roller
systems and suggest a new control knob for manipulation of
dynamic self-assembly in active colloidal ensembles.
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