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Activity waves are popular in excitable systems. Here, we show that binary active colloids of Quincke rollers driven
by an alternating electric field can also form activity waves. In the activity waves, Quincke rollers exhibit a memory of the
direction of motion. This memory occurs at frequencies much smaller than that in monodisperse systems. It is found that the
enhanced memory arises from the paired distinct rollers which break the dynamic symmetry because of the configuration-
dependent dipole–dipole interactions. This finding demonstrates that dipole–dipole interactions between distinct active
agents can significantly modify the collective dynamics of polydisperse active systems.
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1. Introduction
Activity waves are ubiquitous in excitable media,[1–3]

including chemical,[4] physical,[5] and biological systems.[6]

In biological systems, local stimulation excite signal waves-
which play a crucial role in information transmission.[7–9] For
example, action potential waves[10–13] propagate directionally
through nerve fibers, enabling intercellular signal transmis-
sion. During embryonic development, morphogens form con-
tinuous concentration gradient waves,[14–17] determining dif-
ferent cell differentiation directions. Calcium ion oscillation
waves[18–21] specifically regulate numerous vital physiological
processes such as gene expression and cell division through
spatiotemporal encoding. Understanding the excitation and
regulation mechanisms of activity waves is not only essen-
tial for revealing the dynamic laws of life systems but also
provides a theoretical framework for designing bionic intelli-
gent materials. To uncover the microscopic dynamics under-
lying activity waves, active colloids have been employed as an
experimental model in the study of activity waves.[22,23] For
instance, silver colloid particles form directed ballistic waves
via photophoretic swimming triggered by hydrogen peroxide
decomposition in a light field; under high-density conditions,
they form swarming waves through diffusiophoretic flows.[24]

In Quincke systems, sub-critical waves can be excited due to
Quincke instability.[25] As Quincke rollers are driven by an al-
ternating fields, density-dependent memory can also induced
activity waves.[26] These observations show that active col-
loids can also serve as excitable systems.

In nature, active agents are generally polydisperse in
physical properties. Distinct agents often exhibit differ-
ent individual particle dynamics, such as self-propulsion
speeds,[27–29] diffusion coefficients,[30] and polydisperse
interactions.[31] Nevertheless, the effect of polydispersity on
collective behaviors and the exciting of activity waves have
so far not been addressed. Here, in this study, a binary ac-
tive system of Quincke rollers with two particle sizes driven
by an alternating electric field are employed to explore the ef-
fect of polydispersity on collective dynamics. It is found that
because of the stronger dipole–dipole attraction between the
large particle and the small particle, the memory of the direc-
tion of propulsion occurs at frequencies much lower than that
observed in monodisperse Quincke systems, and results in ac-
tivity waves in active liquid.

2. Experimental methods
In our experiments, a binary colloidal system is pre-

pared with polystyrene particles of two diameters 10 µm and
6 µm are mixed with a number ratio 1:1 and dispersed in a
0.15-mol/L mixture of sodium di-2-ethylhexylsulfosuccinate
(AOT) and hexadecane (Fig. 1(a)). The solution is then sealed
in a cell constructed of two indium tin oxide (ITO)-coated
glass slides separated by a square boundary. Due to the higher
density of the particles compared to the solvent, they settle on
the bottom electrode, forming a quasi-two-dimensional mono-
layer.

A periodic square-wave electric field (SWE) is applied
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perpendicular to the electrode surface. The magnitude E al-
ternates between a peak value Ep (> Ec) and a valley value
Eg (= 0). The durations for off-period (Eg) and on-period
(Ep) are equal in one cycle. When the electric field exceeds
the critical threshold Ec, the particles undergo Quincke rota-
tion: the dipole moment P is disturbed from its equilibrium
state by fluctuations, an in-plane component P⊥ arises, lead-
ing to a destabilizing torque P⊥ × E, which overcomes the

viscous resistance of liquid and induces rotational motion.[32]

Notably, the critical field Ec for 6-µm particles is lower than

that for 10-µm particles due to their smaller size (EC =

[4πεla3(χ∞ + 1
2 )µrτ]

−1/2, where a is the particle radius[32]);

all Ec values reported here correspond to the 10-µm particles.

In the steady state, the translational speed is dependent on by

ECυ ∼
√
(E/EC)

2−1.[33]
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Fig. 1. (a) Schematic diagram of the experimental setup; (b) Phases in the system: oscillating lattice pattern (Ep = 1.39Ec, f = 10 Hz);
oscillating stripe pattern (Ep = 1.78Ec, f = 10 Hz); quasi-static phase (Ep = 2.02Ec, f = 113 Hz); active liquid (Ep = 1.94Ec, f = 85 Hz);
activity wave (Ep = 1.96Ec, f = 99 Hz); flocking (Ep = 1.85Ec, f = 160 Hz); three-dimensional (3D) disordered clusters (Ep = 1.3Ec,
f = 9 Hz). The yellow lines in the figure represent streamlines. The scale bar is 100 µm.

3. Results
The binary system exhibits a rich variety of phases by ad-

justing the peak Ep and frequency f as shown in Fig. 1(b).
At low frequencies (< 20 Hz), dynamic patterns including
square lattices and stripes form (see Movies 1(a) and 1(b))
as reported in our previous studies.[34] Unlike monodisperse
systems, these patterns are not regular as that observed in
monodisperse systems due to the different mobility of large
and small particles. Large particles move faster than small
ones, so their travel distance is larger in one cycle. As the
frequency increases, the travel distance of particles in each cy-
cle decreases such that macroscopic patterns disappear. The
mechanism is that long-distance diffusion and macroscopic
density fluctuation are necessary to form macroscopic pat-
terns. As the travel distance in each cycle is smaller than the
mean distance between particles, macroscopic density fluc-
tuations are suppressed and a quasi-static state emerges (see
Movie 1(c)).

As the frequency is high enough such that the off-period
of E is less than the charge relaxation time, Quincke rollers ex-
hibit a memory of the direction of propulsion and their motion
becomes persistent in direction, although they are propelled

intermittently. As a result, flocking emerges (see Movie 1(d)).
Moreover, it is noticed that upon the increase of frequency, the
mobility of Quincke rollers decreases because of the reduced
acceleration time in one cycle.[26] In this case, Quincke rollers
can form condensed active phases due to the longrange attrac-
tion induced by electrohydrodynamic (EHD) flows. At higher
frequencies, as the mobility is further reduced, the quasi-static
Quincke rollers form static 3D disordered clusters at small Ep

due to the dipole–dipole interactions along the direction of E
(see Movie 1(e)).

Between the stripe phase and the quasi-static phase, there
is a transition region where patterns do not disappear en-

tirely: dynamical dense clusters form and oscillate with E (see
Movie 1(f)). The formation of dense clusters leads to local
density fluctuations. The density in active liquid is not uniform
(Fig. 2(a)). Trajectories show that Quincke rollers in the ac-
tive liquid exhibit Brownian motion (Fig. 2(b)). Mean squared
displacements (MSD) reveal that at short time scale (< T ),
the motion is ballistic (〈∆r2〉 ∝ t2) (Fig. 2(c)) while at long
time scales (> T ), it is typical Brownian motion (〈∆r2〉 ∝ t).
It follows that Quincke rollers in the dynamical cluster phase
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behave like liquid particles. In this sense, the dynamic clus-
ter phase exhibits liquid characteristics, namely, active liq-
uid. Nevertheless, distinct from conventional liquid, a well-
directed wave can be excited and propagate in the active liquid

(Movie 1(g)). The activity waves originate from local den-
sity fluctuations, which create local denser regions (Figs. 3(a)–
3(b) and Movie 2). The velocity of the wave particles is much
higher than that in the liquid background (Figs. 3(c) and 3(d)).
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Fig. 2. Active liquid under periodic electric field (Ep = 1.9Ec, f = 85 Hz). (a) Snapshot of active liquid. (b) Typical trajectories of active
liquid particles within one second: a small particle (left) and a large particle (right). (c) Means squared displacements (MSD). The scale bar in
panel (a) is 100 µm. The scale bar in panel (b) is 28 µm.
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Fig. 3. Emergence of activity waves under periodic square-wave electric field
(Ep = 2.15Ec, f = 101 Hz). (a)–(b) Snapshots of the emergence of waves.
(a) At 0 ms, local fluctuations in the lower-right corner excite waves. (b) Af-
ter 150 ms, the activity wave propagates through the active liquid towards the
upper-left direction in the figure. (c)–(d) The corresponding velocity fields
of panels (a) and (b). The scale bar is 500 µm.

The density at the wave front decreases, resulting in a
boundary between the wave and the liquid. When the elec-
tric field E is switched off, the wave structure is retained
(Figs. 4(a) and 4(d) up), and the velocities of particles in both
the active liquid and the activity wave drop to zero (Fig. 4(d)
bottom). Upon the electric field E switched on again, particles
are reactivated, and those within the wave are propelled for-
ward in a common direction (Figs. 4(b) and 4(c)). The density
of particles in the wave, φ is around 0.7, which is higher than
the local area fraction in active liquids (Figs. 4(e) and 4(f)). By
tracking the wave front positions in different cycles, the aver-
age wave speed is measured to be around 6.32 µm/ms, which
exceeds the maximum instantaneous velocity of particles in
the liquid and is close to the maximum instantaneous velocity
of particles within the wave (Fig. S1 up). However, the motion
of particles within the wave bands exhibits intermittent char-

acteristics, enabling waves to propagate a longer distance per
cycle than individual particle displacements. When particles
become incorporated into the wave front, the local area frac-
tion increases significantly (Fig. S1 bottom). Particles remain
trapped within the wave structure for multiple cycles before
detaching. After the wave passes, the local active liquid spon-
taneously recovers.

Particles in the active liquid exhibit Brownian motion, in-
dicating no persistence in their direction of motion. In the
wave, particle velocities periodically drop to zero as well. De-
spite this, however, particles in the wave maintain their direc-
tion of motion. It follows that wave particles have a mem-
ory of the direction of motion. This memory is absent in the
low-density active liquid. Previous studies have shown that
when the electric field is switched off for a time shorter than
the charge relaxation time, Quincke rollers retain a memory of
their propulsion direction.[35] This memory can be enhanced
in dense clusters due to the dipolar interactions between the
Quincke rollers.[26]

To confirm the role of memory in the propagation of ac-
tivity waves, we froze the wave by turning off the electric field
for a long time (> 30 minutes), to assure that the dipole mo-
ment in the particle is relaxed completely. Upon reapplying
the electric field, particles in the frozen wave diffuse into the
surrounding active liquid in both directions (forward and back-
ward) due to dipole–dipole repulsion. The dense band of wave
disappears gradually (Fig. 5 and Movie 3). This confirms that
complete charge relaxation is responsible for the directed mo-
tion of wave.

For individual Quincke rollers, the charge relaxation time
is determined by τMW = (εp + 2ε l)/(σp +σl) (the permittivi-
ties ε and conductivities σ of particle (p) and liquid (l)), and
is estimated as 4 ms.[36] Therefore, the memory occurs only
when the frequency is above 250 Hz where the electric field
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switching period becomes shorter than the polarization relax-
ation time.[26] In a dense cluster, however, because of the en-
hanced dipole–dipole interactions between closely packed par-
ticles, the charge relaxation process is significantly delayed
due to the persistent local electric fields generated by neigh-

boring dipoles. Consequently, the memory in dense clusters
occurs at lower frequencies (∼ 185 Hz). Nevertheless, in
this study, the activity waves occur at much lower frequencies
( f < 100 Hz). It follows that the charge relaxation in binary
systems is even slower than that in monodisperse systems.
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Fig. 4. Evolution of velocity and density within one period of a wave in the active liquid (Ep = 1.96Ec, f = 99 Hz). (a)–(c) Snapshots with
particles colored by the direction of velocity. (a) At the static state (0 ms). (b) 2 ms after activation of Ep. (c) At the end of Ep (5 ms). X-axis
denotes wave propagation direction. (d)–(f) Local particle density (φ ) and velocity (〈υ〉) distribution of 6-µm and 10-µm particles in the wave,
which are averaged over Y . The red lines are the fitting curves of the data points. The scale bar in panels (a)–(c) is 100 µm.
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Fig. 5. Dissociation of activity wave after freezing (Ep/Ec = 2.3, f =
103 Hz). (a), (c), and (e) Snapshots of the wave. (b), (d), and (f) The corre-
sponding density-colored snapshots of panels (a), (c), and (e). (a) All parti-
cles are stationary, and the wave is frozen (0 ms). (c) 42 ms after the electric
field is applied, the activity wave ceases to propagate, indicating memory
loss. (e) 238 ms after the electric field is applied, the wave structure dissi-
pates entirely into the active liquid. The scale bar is 500 µm.

The delayed relaxation of charge arises from the attractive
interactions between the in-plane dipoles (Fig. 1(a)). Never-

theless, the interaction between P⊥ is short-ranged compared
with the repulsive interactions between Pz. Therefore, it occurs
only in a dense structure. The attractive dipolar interaction
can enhance the rotation torque and activate Quincke rotation
at subcritical E,[25] and delay the charge relaxation in dense
clusters of Quincke rollers.[26,37] For two Quincke rollers of
different sizes but located on the same plane, the dipolar repul-
sion will be reduced (Fig. 6(a)). To quantify the dipolar inter-
actions between two Quincke rollers, the interaction potential
energy is calculated with a simplified dipole model (Fig. S2).
The results show that compared with the interaction between
two identical large Quincke rollers, the interaction energy be-
tween a large roller and a small roller is much lower. More
importantly, it is found that as the large roller is located ahead
of the small one, the interaction energy is much lower than
that as the small one is ahead the large one. Nevertheless, in
our calculations, the charge of small particles is 2.778 times
less than the large particle. Therefore, the reduced potential
energy may be induced by the less charge of small particle.
To exclude the effect of charge quantity, the potential energy
is calculated with the assumption that small particles have the
same charge as that of large particles. The results (blue lines
in Fig. 6(a)) show that the potential energy is still universally
less than that between two identical large particles as the large
particle is followed by a small particle with the same charge. It
follows that as the small particles roll behind the large one, the
attractive interaction between the in-plane dipole components
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is stronger than that between two identical large particles. A
stronger attraction between charges leads to slower relaxation
of dipoles. This explains why the frequency for memory in
the binary system is much smaller than that in monodisperse
system.

The remaining dipole moments in the wave not only
maintain a memory of the direction of propulsion but also re-
sult in a faster acceleration of Quincke rollers in each cycle.
It is found that as Ep is restarted, the speed of rollers in wave
increases faster and reaches a peak value higher than that in
liquid (Fig. 6(b)). Because of the viscosity of the solvent, the
compressed structures of AOT produce an elastic force which
impedes the motion of Quincke rollers,[26] giving rise to the
sharp decrease of speed. As the deformation of solvent is
relaxed, the rollers will be reactivated. The speed of rollers
in wave exhibits an obvious reacceleration before the electric
field drops to zero. By contrast, the rollers in liquid do not
experience a reacceleration after the first peak value. These
observations suggest that the rotation torque in wave is much
stronger than that in liquid. This offers additional evidence
that the in-plane dipole component in wave is stronger than
that in active liquid.
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Fig. 6. (a) Potential energy-conformation diagram for particles of dif-
ferent sizes with different dipole tilt angles. Red lines: the potential
energy of two large particles. Grey lines: the potential energy of a large
particle and a small particle. Blue lines: the potential energy of a large
particle and a small particle (assuming the charge of the small parti-
cle is the same as that of the large particle). (b) Average velocity-time
relationship for particles in and outside waves.

In summary, the dipole–dipole interactions between dis-
tinct Quincke rollers induces a memory which occurs at fre-
quencies lower than that observed in monodisperse systems.
This enhanced memory arises from the enhanced attractive
interaction between in-plane dipole components. This find-
ing suggests that in polydisperse active systems, dipole–dipole
interactions between distinct active agents can significantly
modify the collective dynamics and enrich the results of self-
organization in non-equilibrium systems.
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