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Large density fluctuations observed in active systems and hyperuniformity are two seemingly in-
compatible phenomena. However, the formation of hyperuniform states has been recently predicted
in non-equilibrium fluids formed by chiral particles performing circular motion with the same hand-
edness. Here we report evidence of hyperuniformity realized in a chiral active fluid comprised of
pear-shaped Quincke rollers of arbitrary handedness. We show that hyperuniformity and large den-
sity fluctuations, triggered by dynamic clustering, coexist in this system at different length scales.
The system loses its hyperuniformity as the curvature of particles’ motion increases transforming
them into localized spinners. Our results experimentally demonstrate a novel hyperuniform active
fluid and provide new insights into an interplay between chirality, activity and hyperuniformity.

Disordered hyperuniform materials constitute a new
class of correlated systems that suppress the long-
wavelength density fluctuations similar to perfect crys-
tals or quasicrystals while still resembling the isotropic
structures in disordered systems such as liquids or glasses
[1, 2]. The isotropic nature and defect insensitivity of the
disordered hyperuniform materials make them promis-
ing candidates for applications in photonics as materi-
als with isotropic complete photonic band gaps [3, 4].
The disordered hyperuniform states have been observed
in a handful of systems, including periodically driven
colloidal suspensions [5–9], jammed packings [2, 10–15],
block copolymers assemblies [16, 17], amorphous 2D ma-
terials [18, 19], biological systems [20, 21], and simulation
models [22–27].

Active matter, comprised of active units autonomously
transducing energy from the environment or delivered by
external fields into a mechanical motion, exhibits a re-
markable variety of out-of-equilibrium self-organization
and coherent motion [28–36] often accompanied by large
density fluctuations [37]. The giant number fluctuations
and spontaneous dynamic phase separation usually ob-
served in active systems supposedly should prevent the
formation of hyperuniform states in these systems. Nev-
ertheless, it was recently predicted [26] that those seem-
ingly incompatible properties can, in principle, coexist in
certain active systems albeit at different length-scales. It
was demonstrated in simulations that in a model system
of active particles preforming independent circular mo-
tions with the same handedness a non-equilibrium hy-
peruniform fluid phase may form with vanishing long-
wavelength density fluctuations [26]. While the global
hyperuniformity in that system was observed at large
length-scales, large local density fluctuations were con-
fined within the length-scale comparable to the radius
of the circular motion of the active particles. Recently,
the existence of a disordered hyperuniform state in a sys-
tem of marine algae performing circular motion was re-
ported [21]. However, the large density fluctuations were
fully suppressed in that system due to the lack of velocity

alignment mechanisms.

In this letter we report a first experimental realization
of a disordered hyperuniform fluid with large local den-
sity fluctuations realized in an active colloidal ensemble.
We employ pear-shaped particles energised by Quincke
electro-hydrodynamic phenomenon [38] to achieve spon-
taneous motion of particles at circular trajectories with
radii controlled by the strength of the external electric
field, and handedness spontaneously selected by each
particle upon application of the field. We demonstrate
that dynamic self-organization in such active ensembles
leads to the formation of a hyperuniform fluid phase with
significantly suppressed long-wavelength density fluctua-
tions approaching those in crystal structures. We show
that the global hyperuniformity in our system often co-
exists with large local density fluctuations at interme-
diate length-scales associated with the formation of dy-
namic clusters, such as localized vortices or flocks. We
further demonstrate that hyperuniformity disappears in
those ensembles as the curvature of particles’ motion in-
creases and a circular motion transforms into a localized
spinning, reducing the interactions between the particles
and preventing the formation of collective states. In a
scenario, when a particle motion is no longer chiral, re-
alized by spherical Quincke rollers, the hyperuniformity
is also not observed. Our findings highlight a surprising
interplay between the chirality of particle motion and
alignment interactions that leads to the formation of dis-
ordered hyperuniform states in active fluids.

In our experiments, suspensions of pear-shaped
polystyrene particles (PNT010UM, Magsphere Inc; long
axes dl = 10.5 µm and short axes ds = 9.0 µm; the
average particle size d = (dl + ds)/2) in a 0.15 mol
L−1 AOT/hexadecane solution are sandwiched between
two parallel ITO-coated glass slides and energized by a
static (DC) electric field applied perpendicular to the
glass slides, see Fig. 1(a). Above a certain threshold
value of the field strength, Ec, pear-shaped particles start
to spontaneously rotate due to electro-hydrodynamic
Quincke rotation phenomenon [39, 40] and turn into
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FIG. 1. (a) A sketch of the experimental setup. The red arrow depicts the rotational motion and the black arrows show the
direction of the translational motion of the pear-shaped particles energised by an external DC electric field E. The white arrow
indicates the particle orientation n. The gray circle illustrates a trajectory of a roller that can be either in CW or CCW state.
(b) The curvature k of particles’ trajectories in a dilute sample obtained at different field strengths. Particles do not perform
steady rotations when E < Ec = 1.6 V µm−1 (shown as gray background). Inset: Average particle velocity v of the rollers
in a dilute sample as a function of the electric field strength. The area fraction φ = 0.011. (c) Velocity temporal correlation
function Ct in a dilute suspension. φ = 0.011. (d) Mean square displacements of circle rollers at different field strengths. The
dotted and dash lines indicate τ 1 and τ 2 dependencies, respectively. φ = 0.116.

rollers exploring the bottom plate of the experimental
cell.

Similar to the case of spherical Quincke rollers [41–43]
the individual particle’s speed (activity) is controlled by
the strength of the external electric field, see the insert
of Fig. 1(b). However, the shape-anisotropy of the pear-
shaped rollers results in a significant change in the me-
chanics of the particle rolling [40]. In contrast to spher-
ical Quincke rollers spontaneously selecting an axis of
the rotation in the plane transversal to the external elec-
tric field, a pear-shaped roller favors rotations around its
long-axis [n in Fig. 1(a)] due to a viscous drag anisotropy.
Consequently, the pear-shaped rollers translate in the di-
rection orthogonal to the long-axis. In addition, as the
particle is also anisotropic along the long axis, the tra-
jectory of the rolling motion becomes curved[40]. The
chiral state of each pear-shaped roller is spontaneously
selected during system activation by the electric field,
and both types of a chiral motion, clockwise(CW) and
counter-clockwise (CCW), are simultaneously realized in
the system with equal probability, see Fig. S1 [44]. In
general, the orientation of the long-axis of pear-shaped
rollers with respect to the bottom surface (tilt) depends
on the electric field strength [40] that provides a valuable
control over the curvature of the rollers’ trajectories as
demonstrated in Fig. 1(b) where the curvature, k, of the
rollers’ trajectories is plotted as a function of the external
field strength E. The behavior of the curvature is non-
monotonic with the field strength due to different modes
of the particle rolling discussed previously in Ref. [40],
yet it enables in-situ manipulation of the particles circu-
lar motion.

The change in a circular motion of the pear-
shaped rollers can be quantified by changes in
the velocity temporal correlation function, Ct(τ) =

N−1
∑

i 〈vi(t) · vi(t+ τ)〉t/〈v
2
i (t)〉t of the rollers, shown

in Fig. 1(c). Here, vi is the velocity of a roller i; τ is
the time interval between the observations; N is the to-
tal number of rollers; 〈 〉t indicates time average. As the
field strength E increases, the period of oscillations of
the Ct decreases due to a gradual increase of the parti-
cles’ velocities and curvature of their trajectories. When
in ensembles pear-shaped circle rollers develop tendril-
like trajectories due to interactions with neighbouring
particles with characteristic mean square displacement
(MSD), 〈∆r2(τ)〉 = 〈[r(t + τ) − r(t)]2〉, curves shown in
Fig. 1(d). The oscillations in the MSDs reflect circular
motion of the rollers. The behavior of the particles is ini-
tially ballistic with 〈∆r2(τ)〉 ∼ τ2, that eventually tran-
sitions to a diffusive regime. The transition to a diffusive
regime occurs faster for rollers with higher curvatures of
their trajectories corresponding to the higher strengths
of the field. The active diffusion constant determined by
the integral over the velocity autocorrelation function [?
], D = 1/2

∫
∞

0
v(t0) · v(t0 + t)dt, closely coincides with

one obtained from the diffusive slope of the MSD curves,
see Fig. S3 [44]. Overall, the ensemble of pear shaped
rollers is a robust experimental platform to realize a 2D
active system of independent circle active particles that
can perform motion with random handednesses and cir-
cling phases.

Dense ensembles of pear-shaped rollers have a strong
tendency towards spontaneous formation of dynamic pat-
terns. The rolling motion of the particles is crucial
to maintain the desired collective patterns, in contrast
to hovering behavior [42] reported previously at field
strengths below the Quincke rotation threshold. For-
mation of collective phases in a system of circle rollers is
promoted by velocity alignment interactions (facilitated
by hydrodynamic and electrostatic interactions among
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FIG. 2. Snapshots of collective emergent patterns (left) and
corresponding trajectories (right) formed by circle rollers.
(a) Spontaneous localized vortices. E = 2.0 V µm−1.
(b)Rotating flocks. E = 2.4 V µm−1. (c) Gas of spinners.
E = 3.2 V µm−1. Only a parts of the whole experimental
images and 10 % of the corresponding trajectories are shown
for clarity. The scale bar is 0.5 mm. φ = 0.116.

active particles) and it is very sensitive to the parti-
cle number density [40]. A set of remarkable dynamic
phases has been recently revealed in this system [40]
with most prominent emergent patterns shown in Fig. 2
accompanied by representative trajectories of the circle
rollers forming the dynamic states. At a low electric
field strength (E < 2.3 V µm−1), rollers form multiple
vortices with well defined average sizes that can be ma-
nipulated by the electric field strength [40, 45], rollers
persistently rotate around their corresponding vortical
centers, see Fig. 2(a) and Video S1,S2 in [44]. As the
field strength E increases the interaction range of the
individual rollers decreases (since the curvature of the
trajectories increases, rollers become more localized) re-
sulting in gradual transformation of vortices into rotating
flocks [40]. Rollers belonging to the same flock synchro-
nize their velocity and phases with typical tendril-like

trajectories shown in Fig. 2(b), see also Video S3 in [44].
Further decrease of the interaction length of the circle
rollers driven by the increase of the curvature of their
trajectories results in the loss of synchronization between
the circle rollers and the formation of a spinner gas phase,
see Fig. 2(c) and Video S4 in [44].
To quantify the structural properties and demonstrate

the emergence of hyperuniformity in suspensions of active
circle rollers, we first examine the density fluctuations,
〈δρ2〉, defined as 〈δρ(L)2〉 = 〈ρ(L)2〉 − 〈ρ(L)〉2, where
ρ(L) is the particle number density in a region with the
window size L. In regular disordered materials such as
gases, liquids or amorphous solids, the density variance
scales as 〈δρ(L)2〉 ∼ L−λ with λ = D [1]; D here is the
dimensionality of the system. When λ > D the particles
are distributed more uniformly and the structure is hy-
peruniform. Many active systems develop large density
fluctuations [37, 46] characterized by enhanced density
variance with λ < D.
In Fig. 3(a) the particle number density fluctuations

scaling is shown for three dominant dynamic phases
in the ensemble of pear-shaped circle rollers. Collec-
tive phases, represented by localized vortices and rotat-
ing flocks, exhibit large density fluctuations (green and
blue curves in Fig. 3(a)) below a certain length-scale,
Lc ∼30d, corresponding to a typical size of the dynamic
clusters in the system, either vortices or rotating flocks.
The gas of uncorrelated spinners, on the other hand, does
not show enhancement in density fluctuations, and its
density variance follows normal disordered fluids behav-
ior, 〈δρ(L)2〉 ∼ L−D, D = 2 (red curves in Fig. 3(a)).
Above Lc the system exhibits clear hyperuniform scal-

ing in the regime of vortices and rotating flocks, with
〈δρ(L)2〉 ∼ L−2.5, see Fig. 3(a). As the transition be-
tween dynamic phases is manipulated by the control of
the curvature of the circle rollers, the hyperuniform scal-
ing in the ensemble of pear-shaped rollers is observed for
kd < 0.7 (see insert of Fig. 3(a)) that corresponds to
a characteristic radius of curvature of the circle rollers
R > 1.4d.
The evidence of the hyperuniformity in collective

phases of pear-shaped circle rollers is also evident from
analysis of the structure factor S(q), defined as S(q) =

〈1/N |
∑N

j=1 exp(−iq · rj)|〉. Here, q = |q|; rj is the
position of particle j; N is the total number of parti-
cles. Fig. 3(b) shows the structure scaling for differ-
ent dynamic phases of active rear-shaped rollers. Sim-
ilarly with the data on density fluctuations scalings, the
structure factors of the collective phases (localized vor-
tices and rotating flocks) exhibit distinctive hyperuni-
form scaling, S(q) ∼ qn → 0 for q → 0. The strength
of the hyperuniformity quantified by the exponent n in-
creases with the increase of the radius of curvature and
reaches maximum for the vortex phase (n ∼ 1), while
for the case of the rotating flocks the scaling is less pro-
nounced, S(q) ∼ q0.25, q → 0, see Fig. 3(b). Different
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FIG. 3. Dynamic hyperuniform states with local density fluctuations. (a) Density fluctuations 〈δρ(L)2〉 of pear-shaped rollers
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field. (a) A snapshot of a flocking state of spherical rollers.
(b)trajectories of rollers in flocks shown in (a). Only part of
the whole experimental image and 10 % of the trajectories
are shown for clarity. The scale bar is 0.5 mm. The electric
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100 Hz and 85 %, respectively. See also Video S5 in [44]. (c)-
(d) Local density fluctuations 〈δρ(L)2〉 as a functions of the
window size L and structure factor, S(q), of the rollers. The
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values of the hyperuniform scaling exponent n have been
previously reported in several experimental 2D soft mat-
ter systems, such as in sheared colloidal suspensions (n
= 0.25) [9], in periodically driven emulsions (n = 0.5) [6]

and in algae suspensions (n = 0.6) [21].
The coexistence of hyperuniformity and large density

fluctuations in collective phases of active pear-shaped
rollers is manifested by a pronounced peak in the struc-
ture factor [green and blue curves in Fig. 3(b)] corre-
sponding to a dynamic clustering of the circle rollers
(into vortices or rotating flocks). The crossover from a
large density fluctuations regime to a hyperuniform scal-
ing takes place at length-scales corresponding to a char-
acteristic size of the dynamic clusters reflected by the
shift of the peak in S(q) with the change of the curvature
of the circle rollers motion. This findings are important
as they experimentally confirm that hyperuniformity and
large density fluctuations in active chiral systems can in
principle coexist at different length-scales in accordance
with the predictions in Ref. [26] (although obtained for
the system of circle active particles with the same hand-
edness). Our results demonstrate that identical handed-
ness of the circle active particles is not required for the
coexistence of those two phenomena and systems with
heterogeneous handedness of the active particles share
similar phenomenology.
The formation of hyperuniform states is sensitive to

the particle number density. The degree of hyperuni-
formity and large density fluctuations decrease with the
area fraction of the chiral rollers (see Fig.S̃4 in [44]), in-
dicating the significance of collective interactions for the
onset of hyperuniformity in this system.
The importance of the circular motion of the rollers

for the emergence of hyperuniformity is further demon-
strated by the absence of hyperuniform structures in
flocks formed by spherical rollers driven by a pulsed elec-
tric field [47, 48]. As Fig. 4 shows, while the large density
fluctuations are still clearly observed in the density vari-
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ance 〈δρ(L)2〉 (see Fig. 4(c)) and in the structure factor
S(q) of the spherical rollers (Fig. 4(d)), the hyperuniform
state no longer exists.

In summary, active ensembles of pear-shaped Quincke
rollers performing circular motion with arbitrary hand-
edness realize a disordered hyperuniform active fluid in a
certain range of curvatures of the particles’ motion. Our
results experimentally demonstrate that the global hy-
peruniformity in active chiral systems can coexist with
large density fluctuations at intermediate length-scales
associated with the dynamic clustering. The hyperuni-
formity disappears in those ensembles as the curvature of
particles’ motion increases and a circular motion trans-
forms into a localized spinning, reducing the interactions
between the particles and preventing the formation of
collective states. The absence of the hyperuniformity in
ensembles of flocking spherical rollers emphasizes the im-
portance of a chiral circular motion of active particles for
a formation of self-organized anomalously homogeneous
active structures. This surprising interplay between chi-
rality, activity and hyperuniformity may be used as a
tool to assemble materials into disordered hyperuniform
structures.

The research was supported by the U.S. Department
of Energy, Office of Science, Basic Energy Sciences, Ma-
terials Sciences and Engineering Division.
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