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ABSTRACT
Active particles affect their environment as much as the environment affects their active motion. Here, we present an experi-

mental system where both can be simultaneously adjusted in situ using an external AC electric field. The environment consists in

a two-dimensional bath of colloidal silica particles, whereas the active particles are gold-coated Janus spheres. As the electric field

orthogonal to the planar layer increases, the former become stiffer and the latter become faster. The active trajectories exhibit

enhanced rotational motion where the reorientation frequency increases with the particle speed, an effect that culminates in a

chiral active motion. We demonstrate that self-sustained reorientations arise from local compressions and interaction asymme-

tries, revealing a general particle-level mechanism where changes in the mechanical properties of the environment reshape active

trajectories.

1 | Introduction

In recent years, synthetic active colloids have become an impor-
tant model system to reproduce the behavior of biological micro-
swimmers in complex environments. They are also promising for
applications in microrheology, drug delivery, andmicromachines
[1–4]. Their free active motion in simple fluids like water is well
understood, with the dynamics primarily governed by viscous
stresses and rotational diffusion [3]. However, complex environ-
ments significantly vary the ability of the particles to swim and
reorient [3, 5]. In particular, the persistence time of an active tra-
jectory (i.e., the average duration of its straight paths) is often
affected by collisions with surfaces and obstacles [6–11], align-
ments with external fields [12–14], flows [15, 16], and interfaces
[17–19]. A similar scenario is encountered in biological micro-
swimmers, such as bacteria and living cells, which often adapt
their motion to external environmental stimuli [3].

The motion of microswimmers in complex fluids is another para-
digmatic example of feedback between activity and environmental

properties, with important consequences for self-transport, self-
organization, and active flows [20, 21]. In particular, recent experi-
ments and simulations reported a dramatic decrease of persistence
time [22–24] and even a break of polar symmetry [25–27] in poly-
mer solutions and nanostructuredmedia. Despite the abundance of
complex fluids in nature, these feedbackmechanisms in activemat-
ter remain largely unexplored and have not yet been harnessed to
adjust in situ the motion of active particles.

In this work, we delve into the problem of self-propulsion in com-
plex fluids by investigating, experimentally and theoretically, the
motion of active Janus colloids (microswimmers) in a quasi two-
dimensional matrix of passive Brownian microspheres (back-
ground particles) (Figure 1). Active–passive colloidal mixtures
are, in fact, a useful model playground to understand how the
nonequilibrium behavior of self-propelling objects affects a com-
plex environment, and vice versa. For example, self-propelling
particles change the microstructure of a surrounding colloidal
bath by injecting energy in a system which is otherwise in
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equilibrium. The particle’s swimming force can compress local
regions of the environment [28], rearrange passive particles
assembled in crystalline lattices [29], anneal defects and grain
boundaries [30–32], deform particle networks [33], and alter
the velocity distributions of passive components [34]. Conversely,
the presence of passive particles boosts motility-induced phase
separation [35, 36], promotes group formation [37, 38], and trig-
gers long-range interactions between active particles [39, 40]. The
rotational motion of self-propelling particles, and thus their per-
sistence time, can also be drastically affected by a microstruc-
tured environment, with recent experimental studies showing
enhanced rotational diffusion by up to two orders of magnitude
in colloidal glasses [41, 42]. These results suggest a deep connec-
tion between the particle dynamics and the underlying mechan-
ical properties of the medium.

Since our goal is to tune, reversibly and simultaneously, both the
activity of the Janus particles and the stiffness of the colloidal
matrix, a careful selection and reproducible preparation of the
experimental system are paramount. We opted for gold-capped
Janus silica particles actuated by alternating-current (AC) elec-
tric fields in a bath of passive silica spheres. As compared to other
Janus swimmers (e.g., catalytic), AC-driven particles are partic-
ularly versatile: They do not “get stuck” in stiff environments and
their propulsion direction and speed can be tuned through the
frequency and magnitude of the applied electric field [43, 44].
Passive silica spheres also show a frequency dependent transition
from attractive to repulsive interactions, each of which increases
with increasing field strength [45]. Here, we chose the AC fre-
quency to be 20 kHz, which assures (1) powerful propulsion of
the active particles with the gold-capped side at their front, (2)
continuously variable long-range repulsion between silica surfa-
ces (i.e., between passive spheres as well as between passive par-
ticles and the back hemispheres of the active colloids), and (3) a
short-range repulsive interaction between the passive spheres
and the gold cap of the Janus particles. As we increase the str-
ength of the orthogonal AC electric field, the colloidal back-
ground freezes due to stronger repulsive interactions, whereas
the Janus particles become faster. Upon this quenching, the
persistence time τ of the active particles drops by more than
one order of magnitude (compare, e.g., the red trajectories in
Figure 1a,b, or in the corresponding Videos S1 and S2). In par-
ticular, τ transitions from being independent of the mean

swimming velocity v to scaling as τ ∝ v− 1. Moreover, for suffi-
ciently large propulsion speeds and silica–silica interactions,
we observe for the first time the emergence of chiral helical
swimming in a bath composed of nonchiral microspheres.

The particle-resolved approach and flexible experimental system
allow to identify clear ingredients leading to helical motion and
reshape, reversibly and in situ, the rotational characteristics of
the active motion. The mechanism behind the faster reorienta-
tion is general and based on an interaction asymmetry of the
active particle with the discrete colloidal matrix, a feature which
our Janus particles share with a large number of other micro-
swimmers. The dipolar repulsion acts in a non-central way
(i.e., the stronger interaction with the silica side naturally leads
to the creation of a lever arm that generates a torque). To bring
this mechanism to work, long-ranged interactions and a com-
pressible matrix are needed. The spontaneous chiralization then
occurs as a sustained symmetry breaking initially caused by an
orientational fluctuation. These findings demonstrate the ability
to regulate the reorientation dynamics of active particles through
mechanical changes in microstructured backgrounds.

The manuscript is structured as follows. In Section 2, we first dis-
cuss the preparation of colloidal monolayers where the interparti-
cle interactions can be tuned using external AC electric fields. We
then describe the two-dimensional motion of active particles
throughout colloidal monolayers in terms of their swimming veloc-
ity and persistence time. Here, the electric field determines not only
the interactions between the passive particles of the monolayer but
also the propulsion speed of the active beads. In Section 3, we pres-
ent a final discussion on our results. Sections 4, 5, and 6 contain the
experimental, numerical, and theoretical protocols.

2 | Results

2.1 | Tunable Colloidal Environments

In this Section, we showcase that external AC electric fields can
be used to modulate interactions among microparticles and
therefore tune the structural and mechanical properties of
two-dimensional colloidal environments. In this way, we are able
to quench colloidal monolayers at fixed packing fraction.

In experiments, the colloidal environments consist of silica
microspheres (SiO2, radius Rp = 1.46 μm) dispersed in water
and sitting on a planar electrode. The packing fraction ϕ (i.e.,
the relative area occupied by the particles in the xy-plane) ranges

from ϕ= 0.15 to ϕ= 0.64. We apply an AC electric field ~E in the
z-direction at fixed frequency ( f = 20 kHz) and magnitude
between E= 0 V/mm and E= 108 V/mm. These values are cho-
sen to assure that the spheres stay within a monolayer and are
not squeezed out into a second layer. At E = 0, the colloidal par-
ticles exhibit weak short-range repulsive interactions due to the
negatively charged surface of SiO2 and are free to laterally move
close to each other as a result of Brownian diffusion. The pres-
ence of an AC electric field significantly alters the mutual inter-
actions and overall colloidal microstructure. In particular, at
f = 20 kHz, the field polarizes the particles and induces a long-
range dipole–dipole pair potential that is proportional to E2 and
decays as r−3, r being the interparticle distance [45, 46]. It is the
leading contribution to the interparticle forces when the particles
are sufficiently far from each other.

FIGURE 1 | Active particles in tunable colloidal environments.

Snapshots of active Janus particles cruising in colloidal monolayers of

Brownian microspheres under applied electric fields (a) E= 42 V/mm

and (b) E= 108 V/mm (packing fraction, ϕ= 0.48). The active particle

trajectories for the last 12 min are reported as red lines. The scale bar

corresponds to 20 μm in both microscopy images.
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In simulations, we model the background matrix as a two-
dimensional system of interacting Brownian particles, where
hydrodynamics interactions are negligible and the solvent simply
induces a thermal noise [47]. The particles interact via volume
exclusion, modeled as a Weeks–Chandler–Andersen (WCA)
potential [48], and a long-range dipole–dipole repulsion mimick-
ing the dipolar interactions between SiO2 microparticles at E > 0.
The strength of these potentials, ϵ and K, respectively, is deter-
mined by matching the peaks of the pair correlation functions
g(r) with experiments for every value of E and ϕ (see Figures 2a
and S1 and Table S1). Further experimental and numerical
details are reported in Sections 4 and 5, respectively.

Both in simulations and experiments, the long-range repulsive
interactions induced by the external electric field increase the
effective particle size and promote a shift of the freezing line
of the two-dimensional phase diagram towards lower packing
fractions. Features that are characteristic of solid structures
(e.g., hexagonal crystalline domains) appear at smaller ϕ, when

the original microstructure (at E= 0) was in the fluid phase. The
red curves in Figure 2a show, for example, the pair correlation
functions, g(r), for a monolayer at ϕ= 0.48 subjected to three dif-
ferent electric fields. As E increases, the peaks of g(r) become
more pronounced until, at E= 108 V/mm, the second peak
between 4Rp and 6Rp splits, as reported for hexagonal structures.
To quantify the appearance of solid domains, we consider the
absolute value of the orientational hexagonal order parameter
per particle:

jΨ6,nj=
1
Nn

�����
X
k

e i6θnkð Þ
����� (1)

where Nn is the number of neighbors of the nth-particle and θnk is
the angle of each bond, so that jΨ6,nj= 1 for a perfect hexagonal
cell. By averaging over all the particles, we obtain the global ori-
entational order parameter jΨ6j shown in Figure 2b. The value of
jΨ6j increases monotonically with the applied electric field, in

FIGURE 2 | Tuning the structure of the environment. (a) Experimental (red solid line) and numerical (black dashed line) pair correlation functions

g(r) at ϕ= 0.48 for different electric fields. (b) Mean hexagonal order parameter |Ψ6| versus field strength in experiments (solid symbols) and simulations

(empty symbols and dashed connecting line) at ϕ= 0.48. (c–e) Experimental maps of the phase φ of Ψ6,n at E= 42 V/mm, E= 75 V/mm, and

E= 108 V/mm. The scale bar is 20 μm and the colors denote the crystalline orientations as sketched in the bottom-right inset. (f ) |Ψ6| plotted as a

function of the electric-field strength E for colloidal monolayers with packing fractions ϕ = 0.15 (green), ϕ = 0.35 (blue), ϕ = 0.48 (red), and ϕ =
0.64 (orange). Filled and empty symbols correspond to experimental and numerical results, respectively. (g) Experimental dynamical orientational

correlation g6(Δt) as a function of the normalized delay time Δt=τB for different packing fractions (according to the same color code as in (f )) and

electric fields. For clarity, only the curves at E= 48 V/mm, E= 75 V/mm, and E= 108 V/mm are shown. At all ϕ, the decay of g6(Δt) becomes slower

for larger electric fields, as indicated schematically by the arrows.
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qualitative agreement with the phase φ of Ψ6,n (Figure 2c–e)
which represents the orientation of local crystalline domains,
if any. As E increases, small ordered regions (e.g., Figure 2c,
E= 42 V/mm) merge into large hexagonal domains (e.g.,
Figure 2e, E= 108 V/mm). The evolution is also illustrated in
Video S3, where the electric field is progressively increased from
E = 0 to E= 108 V/mm.

The structural changes induced by the electric field are observed for
a broad range of packing fractions, suggesting the generality of
the observed quenching mechanism. These results are shown in
Figure 2f, where jΨ6j is reported as a function of the electric field
E for four different values of ϕ. The corresponding pair correlation
functions g(r) and phases φ ofΨ6,n are shown in Figures S1 and S2,
respectively. In all instances, the global bond order parameter jΨ6j
increases with E, although we observe only a weak increase for
large values of E at ϕ= 0.15 (green data) and a plateau in the dens-
est environment (ϕ= 0.64, orange data). Indeed, in the small pack-
ing fraction regime, the smaller is the density, the larger is the
increase of the dipole interaction strength needed to induce signif-
icant structural changes. By contrast, at high packing fractions, the
observed plateau implies that the system has already reached the
almost-close packing regime characterized by a defects-poor con-
figuration. As a further confirmation, we illustrate in Figure 2g the
dynamical orientational correlation g6 Δtð Þ= hΨ∗

6,n Δtð ÞΨ6,n 0ð Þi as
a function of the delay time Δt=τB normalized by Brownian diffu-
sion time τB = 6πη0R3

p

� �
= kBTð Þ, where η0 is the water viscosity

and kBT is the thermal energy (see also Figure S3 for a comparison
with the numerical results). At ϕ= 0.64 (orange data), g6 Δtð Þ
shows no significant decay within our experimental timescale,
suggesting the presence of defect-free structures. At smaller pack-
ing fractions, g6 Δtð Þ decays at a rate that depends on both E and ϕ.
Interestingly, similar decays are recovered with different packing
fractions and electric fields, in agreement with the measurements
of jΨ6j (compare for instance the red and blue data in Figure 2f ).
This demonstrates that the electric field can be used as a tool to
create optimally ordered configurations without changing the
packing fraction.

2.2 | Active Particles in Tunable Colloidal
Environments

In this section, we demonstrate that the tunable colloidal envi-
ronments dramatically alter the motion of active particles cruis-
ing through them. These changes are modulated using a single
control knob: the magnitude of the AC electric field (E).

Asmodel self-propelling (or active) particles,weuse silica (SiO2)micro-
spheres of radius Ra= 2.5 μm half-coated with 10nm of gold (Au).
They settle to the bottom substrate and, under the same AC electric
fields introduced in Section 2.1, self-propel in the xy-planewith theAu-
hemisphere heading due to induced-charge electrophoresis (ICEP)
[44, 49–51]. Without the colloidal environment, the magnitude of
the swimming velocity increases linearly with E2. Instead, the direction
of motion changes according to rotational Brownianmotion about the
z-axis, happening over a timescale τR = kBTð =ξRÞ− 1 (ξR = 8πη0R3

a is
the rotational friction coefficient). Thus, the characteristic persistence
time of the active trajectories depends neither on the swimming veloc-
ity nor on the magnitude of the external electric field. The characteri-
zation of the “free” active motion (at ϕ= 0) is given in Figure S4, and

typical trajectories are shown inVideo S4 (E=42V/mm) andVideo S5
(E=108V/mm).

We then prepare the same colloidal environments as in Figure 2
and add a very small number of self-propelling particles such that
the interactions between them can be neglected. The active par-
ticles behave as “snowploughs” making their way through the
two-dimensional crowded environment (see Videos S1 and S2,
note that the SiO2 spheres do not get into physical contact).
Even though they do not sense local defects and grain boundaries
due to the large size (compared to the one of the bath passive
particles), their active dynamics is strongly coupled to the mono-
layer’s properties (see Figure 1a,b). In simulations, this behavior
is reproduced through a 2D active Brownian particle dynamics
where the active particle moves in the direction identified by
the outward vector normal to the Au hemisphere. As for passive
colloids, hydrodynamics interactions are neglected and the sol-
vent induces translational and rotational noise on the particle
position and orientation [52]. The active particle interacts with
passive colloids via volume exclusion and repulsive dipolar
forces. Volume exclusion is obtained from a WCA potential
accounting for the larger size of the active colloid, whereas dipo-
lar forces stem from the SiO2 back hemisphere of the active par-
ticle. As such, although active–passive dipolar interactions follow
the r − 3 scaling (as in the case of uncoated passive particles), the
force is not applied on the particle center. Instead, it acts the cen-
ter of the SiO2 hemisphere, due to the fact that the gold cap and
the passive particles do not exhibit dipolar mutual interactions.
Hence, the orientational dynamics is not purely governed by
rotational noise but it is additionally susceptible to local torques.
In the following, we analyze the active trajectories by extracting
the mean swimming velocity v and persistence time τ. The same
quantities measured at ϕ= 0 (without the colloidal environment)
are denoted as v0 and τ0. As in the previous section, we first
describe the main results at ϕ= 0.48 and then show the generality
of our findings at other packing fractions. Further information
about the particle synthesis and self-propulsion method is in
Section 4. The numerical simulations are described in Section 5.

In experiments, we record active trajectories for any applied electric
field, measure the instantaneous velocities ẋ, and compute the
mean swimming speed v and v0 as described in Section 4. The latter
quantities are shown in Figure 3a as a function of the electric-field
strength squared, as red (v, at ϕ= 0.48) and black (v0, at ϕ= 0) sym-
bols. Even though the colloidal environment does not affect the
ICEP linear relationship between v and E2 (see solid fitting lines
in Figure 3a), the self-propelling particles are consistently slower
when immersed in a bath of passive particles (v< v0 for any E).
This result can be naively rationalized by taking into account
an increased effective viscosity, ηeff , of the medium, following
the addition of passive uncoated SiO2 beads. Moreover, ηeff
depends on both the packing fraction ϕ and electric field E, since
more particles and stronger interparticle interactions increase the
effective friction produced by the environment onto the active par-
ticle. This effect is highlighted in Figure 3b where we plot the ratio
of ηeff=η0 assuming that the swimming force f s only depends on the
applied electric field (i.e., f s = 6πη0Rav0 = 6πηeffRav), being η0 the
water viscosity. This ratio approximately doubles as the external
field increases from E= 42 V/mm to E= 108V/mm.

Nonetheless, a description based on an average swimming veloc-
ity of the self-propelling particles and an effective viscosity of the
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colloidal environment does not take into account the microstruc-
ture of the monolayer. A closer look at the instantaneous veloci-
ties sometimes reveals large fluctuations around their mean
value, where jẋj drops to nearly zero before increasing again.
This local and transient caging is due to the microstructure of
the surrounding monolayer as well as the strength of interaction
between its building blocks [29, 53]; it is qualitatively illustrated
in Video S6 and pinpointed in Figure 3c,d by plotting the prob-
ability distribution pðjẋjÞ. For small applied electric fields
(E= 42 V/mm, Figure 3c), the dipolar interactions are weak
and the active particle can navigate through the environment
owing to the high mobility of the uncoated SiO2 microspheres.
The corresponding distribution pðjẋjÞ is therefore similar to those
of free active particles (see also Figure S5, gray histograms). At
higher electric fields (E= 108 V/mm, Figure 3d), pðjẋjÞ shows a
peak at jẋj � 0 followed by a distribution at higher speeds; the
active motion becomes intermittent and particles are occasion-
ally caged by the surrounding microstructure. Velocity distribu-
tions for intermediate values of E are reported in Figure S5 and
show a consistent transition towards a bimodal distribution, as E
increases. We report no caging at smaller packing fractions
(ϕ= 0.35 and ϕ= 0.15). The same qualitative behavior is also
observed in numerical simulations (Figure S5), although caging
occurs therein more often. The discrepancy is likely due to the
fact that the numerical system is perfectly two dimensional,

whereas in experiments the active particles protrude above
the colloidal monolayer because of their larger size (see
Section 4.2). To support this hypothesis, Video S7 shows an active
particle being frequently caged in a monolayer of passive spheres
of similar size.

An increase of effective viscosity due to larger ϕ or E should also
imply a slowdown of rotational Brownian motion of the active par-
ticles in the xy-plane and, consequently, a higher persistence time
of their directed motion (i.e., a larger τ). The data in Figure 3
suggest the opposite. Figure 3e–g shows three typical active trajec-
tories at fixed ϕ= 0.48 and different applied electric fields. As E
increases from 42 V/mm (Figure 3e) to 108V/mm (Figure 3g),
the particles not only become faster but also change their swim-
ming directionmore frequently, as shown by comparing the typical
straight path of each trajectories to the persistence length ðvτRÞ
expected as a result of free rotational diffusion with timescale
τR. We extract the characteristic persistence times τ and τ0 from
the linear fit (Figure 3h, black lines) of the time autocorrelation
function of the instantaneous velocity vector ẋðΔtÞ ⋅ ẋð0Þh i
(Figure 3h, red circles), as described in Section 4. Faster decays indi-
cate smaller persistence times. At ϕ= 0.48, the velocity autocorre-
lation decays faster for larger applied electric fields. This
corresponds to mean persistence times that become more than
one order of magnitude smaller as E goes from 42V/mm to
108V/mm (i.e., as the mean swimming velocity increases)

FIGURE 3 | Swimming in crowded environments. (a) Mean swimming velocities (black) v0 and (red) v plotted as a function of the electric-field

strength squared E2 for active particles swimming “freely” (ϕ = 0) or cruising in colloidal environments of packing fraction ϕ = 0.48. The solid lines are

linear fits crossing the origin. (b) Ratio between the effective viscosity ηeff of the colloidal environment and the water viscosity η0, calculated as described

in the text. (c,d) Normalized histograms of the instantaneous speed jẋj under an applied electric field: (c) E = 42V=mm and (d) E = 108V=mm.

(e–g) Trajectories of active particles cruising in colloidal environments of packing fraction ϕ = 0.48 under applied electric fields: (e) E = 42V=mm,

(f ) E = 75V=mm, and (g) E = 108V=mm. The scale bar is dynamic and corresponds to ðvτRÞ for all trajectories, where v is the average swimming

velocity and τR is the rotational Brownian time (defined in the text). The color indicates the time: from t = 0 (white) to t = 500 s (red). (h) Time auto-

correlation functions of ẋ for the trajectories shown in (e–g). The solid lines are linear fits. (i) Mean persistence times τ (red symbols, ϕ = 0.48) and τ0
(black symbols, ϕ = 0) plotted against v. The filled symbols are obtained from experiments, while the empty symbols (linked by the dotted line) are from

numerical simulations matching the experimental values of v. In all panels, the error bars represent the standard deviations.
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(Figure 3i, red symbols). This is in stark contrast to the motion of
“free” active particles (ϕ= 0) where τ0 remains approximately con-
stant at all applied electric fields and swimming velocities (see
black symbols in Figure 3i as well as Figure S4). The measured
persistence times are also in agreement with numerical simulations
(Figure 3i, empty red symbols) that are set to match the mean
swimming velocity v of the active particles and the pair correlation
function g rð Þ of the colloidal bath.

The mechanism of reorientation is sketched in Figure 4.
An active particle cruising through a colloidal environment
with its Au hemisphere heading (Figure 4a) compresses the
matrix ahead. However, the orientation n̂ constantly changes
due to spontaneous fluctuations. Upon one sufficiently strong
fluctuation, the swimming force f sn̂= 6πη0Rav0n̂ causes an
asymmetric compression of the colloidal environment. For exam-
ple, in Figure 4b, we use springs to schematically depict a local
left compression due to a counterclockwise fluctuation by an
angle Δθ. Once left behind at the back (Figure 4b), the com-
pressed region triggers a torque M= ℓ×Feff , where ℓ is the lever
arm and Feff denotes the total dipolar force acting on the end
point of the lever arm (see blue arrow). Importantly, the

reorientation self-sustains as the SiO2-Au colloid moves forward;
an active particle reoriented to the left by a counterclockwise tor-
que compresses the colloidal environment on its left-hand side
(see Figure 4b) so that the following total dipolar force leads
again to a torque in the same direction. This is also illustrated
in Figure 4c,d where we show the local packing of the environ-
ment before and after a counterclockwise rotation. The local
compression appears in the front but, as the active particle
moves, it shifts to the back where it resumes the torque—a
mechanism that is based on the separation of timescales between
particle motion and environment recovery. The same is true for
clockwise rotations.

According to our description, τ ∝ v− 1 since more distance traveled
means more reorientation events. We verified this dependence by
performing numerical simulations where v (swimming velocity of
the individual active particles) and K (strength of the dipolar inter-
actions, see Equation (9) and Table S1) are decoupled. The results
are shown in Figure S6; in most instances, τ and v are inversely
proportional suggesting that each reorientation event depends
weakly on the local interaction strength K. However, since a given
reorientation is amplified, the persistence time τ strongly depends

FIGURE 4 | Self-sustaining reorientation. (a,b) Sketch of the reorientation mechanism, as modeled in numerical simulations, causing the drop of the

persistence time of the active particle in colloidal environments. (a) An active particle moving with the Au cap heading produces a swimming force f sn̂ in

the same direction. (b) Upon rotation by an angle Δθ, the colloidal environment is compressed, generating a torque due to dipolar repulsion between

passive particles and the silica back hemisphere of the active colloid. (c,d) Voronoi tessellation of the environment (c) before and (d) after a rotation. The

color code indicates the local packing (i.e., the inverse area of the Voronoi cell). (e) Mean torque experienced by an active Janus particle swimming

throughout a monolayer at area fraction ϕ = 0.48 for different applied electric fields. Solid and empty symbols correspond to experiments and sim-

ulations, respectively. The red dashed line connects the numerical data, and the black solid line marks the linear relationship between hMi and

E2. (f ) Persistence time τ as a function of the average velocity v in colloidal environments at different ϕ, as indicated in the legend. The filled symbols

correspond to the experiments, while the empty symbols are from numerical simulations matching the experimental values of v. (g) Helical active

trajectory of 4 min duration observed in experiments when the area fraction of the surrounding colloidal bath is ϕ = 0.64. The scale bar corresponds

to 20 μm. (h) Numerical trajectory of an active particle swimming at velocity v = 2.4 μm=s in colloidal environments at ϕ = 0.35. The color indicates the

time, from t = 0 (light blue) to t = 40 s (blue). The lever arm ℓ = 0.4 μm determining the torque is shown as a blue arrow pointing from the geometric

particle center to the interaction center. The scale bar corresponds to 1 μm.
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on the global stiffness of the medium. The model also predicts that
the magnitude of the torque acting on the Janus particle increases
with E2 since this is the scaling of the dipolar repulsive interactions.

Extracting the average torque as hMi= ξRhθ̇i, hθ̇i is themean angu-
lar speed (see also Equation (10b)) reveals good agreement with
hMi ∝ E2 (see black line in Figure 4e) in both the numerical
(Figure 4e, empty circles) and experimental data (Figure 4e, solid
squares), proving that that interaction asymmetry and long-range
repulsions are key ingredients to achieve self-sustaining reorienta-
tions. In a matrix of passive particles interacting only via WCA
forces and in the absence of caging effects, τ remains approximately
constant (see Figure S7). Likewise, no self-sustaining reorientati-
ons occur if we preserve the long-ranged dipolar interactions,
but set ℓ= 0, since the orientational and translation dynamics
are decoupled.

2.3 | Spontaneous Chiralization

The scenario depicted so far also occurs over a broad range of
packing fractions ϕ. Figure 4f summarizes the dependence of
τ on v in colloidal environments at different packing fraction:
ϕ= 0.15 (green data), ϕ= 0.35 (blue data), and ϕ= 0.48 (red data,
redrawn from Figure 3i). In all instances, we report a drop of
persistence time as the swimming velocity increases. Only for
small v and ϕ (first three green data points) or large v and ϕ (last
two red data points), τ remains roughly constant. The observed
behavior is reproduced by numerical simulations (empty symbols
and connecting dotted lines) remarkably well. Note, however,
that the simple model described in Figure 4a–d breaks down
if the environment is too sparse (at ϕ= 0.15 for small K values)
and for strong velocity fluctuations (i.e., upon caging) (at ϕ= 0.48
and ϕ= 0.64, for large K values). Finally, in experiments at
ϕ= 0.64, a significant number of active particles undergo helical
motion (Figure 4g and Video S8). They behave as if they were
chiral, with orbit’s radii as large as �5Rp, but no preferential
kick-off direction. Because both the translational and angular
velocity grow linearly with E2 (Figures 3a and 4e), the radius

of the orbit, v=hθ̇i, does not depend on E. The same break of polar
symmetry is observed in numerical simulations but, at ϕ= 0.64,
the spontaneous chiralization is hindered by strong caging effects
which, as discussed above, are more pronounced in simulations
than experiments. To recover the same phenomenology reported
in experiments, we keep the packing fraction relatively low
(ϕ= 0.35) and virtually shift the point on which dipolar interac-
tions act from the center of the SiO2 hemisphere toward the edge
(see blue arrows in the sketch of Figure 4h). Practically, this oper-
ation increases the lever arm ℓ and amplifies the torque exerted
by the passive particles due to dipolar interactions, while keeping
the swimming velocity and stiffness of the medium fixed. As the
torque increases, the active colloid is bound to make a helical
motion—a signature of chirality. As in experiments, there is
no preferential direction of rotation.

The spontaneous chiralization can be also explained through a
coarse-grained theory derived from the stochastic dynamics
describing the system, namely, the active colloid and
passive particles of the environment. Starting from the
Fokker–Planck equation for the N-body problem and integrat-
ing over all the particles of the environment, we derive an
effective Boltzmann equation for the single-body probability

distribution f ðx, n̂, tÞ to observe an active particle at time t with
position x and orientation n̂:

∂tf =∇ ⋅ Deff∇− v ρð Þn̂ð Þf +DRLaf −
hθ̇i
ξR

∂
∂n̂

⋅ z× n̂½ �f (2)

where z is a unit vector normal to the plane of motion andLa = ∂

∂n̂ ⋅�
n̂+ ∂

∂n̂ ⋅D
�
is generated by the angular part of the dynamics, as

in previous studies [54] (see Section 6 for the definition of D and
the derivation of Equation (2)). The interactions with the passive
particles of the environment induce three main effects: (i) They
generate a density-dependent swimming velocity which is
vðρÞ= v0 − ρζ, where ζ is a constant term whose expression is pro-
vided in Section 6; (ii) they induce an effective diffusion coefficient
Deff <Da); (iii) they give rise to an effective angular drift velocity,

hθ̇i, or chirality, which explains the helical trajectories observed
experimentally and numerically. While (i) and (ii) are expected
from previous results [55], (iii) is a new term. Since the dipolar force
is not applied to the particle center of mass but to the center of the
SiO2 hemisphere, the angular dynamics is governed by a net torque
arising from gradients in the density of the environment:

M ≈ Δρπλ2 g̃ jF̃dipjℓ ẑ (3)

Here,Δρ denotes the density change and λ corresponds to the typi-
cal length governing the dipolar interactions. The term g̃ is the pair
correlation function while jF̃dipj is the dipolar force evaluated at the
contact point between an active and a passive particle. The density
change Δρ can be expressed as the volume change due to the self-
propulsion force. Equivalently, the pressure change Δp corre-
sponds to the swim pressure due to the activity:

Δρ= − ρ0
ΔV
V

= ρ0χΔp= ρ0χ
γv0
2πλ

(4)

where χ is the compressibility of the passive environment. The

angular velocity hθ̇i is then approximated as

hθ̇i= jMj
ξR

= ρ0χ
γv0
2ξR

λ g̃ jF̃dipjℓ (5)

In agreement with the experimental and numerical results, hθ̇i
increases linearly with the self-propulsion speed v0 and thus van-
ishes in equilibrium or for a force that is applied to the geometric
center of the particle (ℓ= 0). In addition, this term disappears
when the local density change of the environment around the
active particle is negligible, as in experiments with a low-density
background, or when the background is incompressible (e.g., in a
colloidal glass made of hard spheres). The full coarse-grained the-
ory is derived and reported in Section 6.

3 | Discussion and Conclusions

After presenting an experimental strategy to tune the structure of
colloidal monolayers at fixed packing fraction, we investigated
the dynamical properties of active colloids cruising throughout
them. The active motion is strongly affected by the environment,
which alters the particle speed and reorientation, and even gives
rise to unexpected helical motion (a qualitative summary of the
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observed types of motion is in Figure S8). The mechanical prop-
erties of the environment and microswimmers activity are
adjusted reversibly and in situ using the same experimental con-
trol knob: the magnitude of an applied AC electric field.

The role of orthogonal AC electric fields in determining the pair
interaction between charged microparticles sitting onto planar
electrodes has been extensively investigated in the past decades
[56–59]. In particular, the AC frequency is paramount since it
regulates whether the interactions between particle pairs are
attractive [60–63] or repulsive [46, 59, 64]. At our operating fre-
quency f= 20 kHz, long-range dipole–dipole repulsive interac-
tions between SiO2 particles are dominant; their strength (K,
Equation (9)) is always much larger than the energy scale of
the WCA potential (ϵ, Equation (8)) at the typical experimental
interparticle distances identified by the first peak of the pair cor-
relation function (Figures 2a and S1 and Table S1). As such, the
experimental system presented in Figure 2 is similar to the col-
loidal monolayers described in Refs. [59, 65, 66], where quench-
ing (or melting) took place under external electric ( f > 1MHz)
and magnetic fields. These works reported phase transitions
(from liquid to hexatic and hexatic to crystal) occurring at
well-defined combinations of packing fraction and external-field
magnitude. The detailed characterization of the colloidal phases,
which was also performed in quasi-two-dimensional experiments
of colloidal “hard spheres” [67], calls for the determination of the
exact functional decay of the dynamical orientational correla-
tions shown in Figure 2g. These measurements would required
times or length scales that are much larger than what we can
currently achieve with our experimental setup. Here, our focus
is on the influence of colloidal background, as it becomes more
quenched, on the active motion of self-propelling particles.
Nonetheless, the curves in Figure 2g are in qualitative agreement
with the existing literature and highlight the possibility of freez-
ing (or melting) colloidal monolayers at fixed ϕ using external
kHz AC electric fields.

We then demonstrated that the tunable colloidal environments
dramatically alter the trajectories of active colloids actuated by
the same electric fields. In particular, during the quenching of
the surrounding monolayers, the persistence time τ of the active
Janus particles becomes dependent on their swimming velocity
v. It rapidly drops by more than one order of magnitude as v
increases. A similar decrease of persistence time (often denoted
as “rotational diffusion enhancement”) has been reported for
self-propelling Janus particles in polymer solutions [22, 24, 25]
and initially ascribed to viscoelasticity and memory effects. The
same experimental results were recently revised by De Corato
et al. using a memory-free model based on local density variations,
anisotropic interactions, and advection terms [26, 27]. The first two
ingredients are also present in our “dog chasing its tail,” but the
advection of background particles is absent since hydrodynamic
interactions are neglected. Local density fluctuations are here
rather due to local compressions caused by the swimming force
of the Janus particle. They occur regardless of the phase, ordering,
or packing fraction of the colloidal medium, provided that the
monolayer is sufficiently dense and caging effects are minimal.
Under these conditions, a simple relationship between swimming
velocity v and persistence time τ is reported: τ ∝ v− 1. Above a criti-
cal velocity, the polar symmetry of the particles is broken and the
active particle undergoes helical motion (i.e., it behaves as a chiral
swimmer). This chiralization is very different from the circular

motion reported for L-shaped particles [68] andmodular swimmers
[69–72] because neither the active colloids nor the bath particles
are asymmetric or bind to each other. Instead, orbiting is sustained
by local compressed regions created by the active particle itself.

In summary, our findings demonstrate the ability to tune in situ the
reorientation dynamics of active particles, which may have signifi-
cant implications for medical applications ranging from microsur-
gery to targeted drug delivery. Regardless the details of our
experimental system, the microscopic mechanism of reorientation
is general as it only requires a compressible medium and aniso-
tropic interactions. We therefore envisage that, beyond regulating
active-particle motion, our results will shed light on how compress-
ible micro- or nanostructured fluids affect the swimming behavior
of microorganisms typically comprising a “head” and “tail.” For
example, catalytic micromotors, which are Janus just like our active
particles, may exhibit a similar motion when added to muddy
waters for wastewater treatments or environmental monitoring.
Similarly, the body and flagella of bacteria may absorb/repel mac-
rosolutes (e.g., polymers) in a different manner leading to local
compressed/depleted regions in the environmental fluid.

4 | Experimental Section

4.1 | Synthesis of SiO2-Au Particles

SiO2-Au particles were prepared using the drop-casting method
as originally described by Yan et al. [50]. In a presynthesis clean-
ing procedure, the surface of a glass slide was treated with pira-
nha solution (concentration H2SO4∶H2O2: 1:3) for 3–4 h, then
sonicated, and rinsed with deionized (DI) water. A dilute suspen-
sion of silica particles in DI water (SiO2, radius Ra = 2.5 μm,
Bangs Laboratories, United States) was spread over the glass
slide. The slide was then tilted to allow the suspension to flow
down the slide leaving a monolayer of particles. After drying,
three layers are subsequently deposited onto the exposed hemi-
sphere of the particles: approx. 3 nm of chromium, 15 nm of gold,
and 15 nm of silica. The additional silica layer prevents “sticking”
of the bath particles onto the gold hemisphere of the Janus col-
loids. The microparticles were finally detached from the glass
surface by sonicating the slide for a few seconds in DI water.

4.2 | Sample Preparation

In each experiment, two indium tin oxide (ITO)-coated glasses
(surface resistivity 25–30Ωsq−1, Solems S. A) were first sonicated
for 15min in a 2% Hellma solution, followed by cleaning in DI
water for 15min and blowing with N2. An aqueous suspension
of few SiO2-Au particles and several untreated SiO2 particles
(radius Rp = 1.41 μm, Microparticles GmbH, Berlin, Germany) is
then pipetted onto the slide. The cell is sealed using the second
ITO slide and a double-sided adhesive circular spacer of thickness
120 μm (Grace Bio-Labs secure seal). We let the particles settle onto
the bottom surface and allow the system to equilibrate for approxi-
mately 30min. The amount of SiO2-Au is always very small, such
that there are no more than five particles in a field of view of
800× 500 μm2. Instead, the packing fraction ϕ is defined as the
relative area occupied by the uncoated SiO2 microspheres in the
xy-plane; it ranges from ϕ= 0 (experiments of freely self-propelling
particles) to ϕ= 0.64.
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The two-dimensional mixtures are subjected to AC electric fields of
frequency f= 20 kHz and magnitude up to E= 108 V/mm in the
direction normal to the conductive substrate (see sketch in
Figure 5). The applied electric field E polarizes the SiO2 particles
and induces long-range repulsive pair interactions whose strength
increases with E. In the case of SiO2-Au colloids, the metallic and
dielectric hemispheres are also polarized differently, which leads to
local slip flows and two-dimensional active motion of the particles
with the gold cap facing forward. This mechanism is known as
ICEP and the swimming velocity is controlled by electric-field mag-
nitude E. The electric field also orients the SiO2-Au particles such
that the axis linking the poles of the two hemispheres is parallel to
the underlying substrate, which ensures that the active motion is
two dimensional at all times. Importantly, the operating frequency
f= 20 kHz is a key parameter to observe both long-range repulsion
between uncoated SiO2 particles and ICEP self-propulsion of
SiO2-Au colloids. For example, at f � 1 kHz, the electric field drives
strong solvent electrodynamic flows (EHD) along the conductive
substrates in the direction of the silica microspheres [57]. This
effect changes the interactions between uncoated SiO2 spheres
from repulsive to attractive and swaps the swimming direction
of the SiO2-Au colloids [61].

4.3 | Imaging and Data Analysis

The sample cell is placed onto the stage of an inverted micro-
scope (Leica DMI3000 B, Leica Microsystems GmbH, Wetzlar,
Germany), where imaging is performed with 10× and 20× mag-
nification in bright-field mode. The microscope is coupled to a
CMOS camera (Basler ACE) of resolution 1280 × 1080 pixels,
and videos are recorded at 2 frames per second. The centers
of the particles are detected over time using python tracking
codes (http://soft-matter.github.io/trackpy/v0.5.0/). We record
approximately 15 active trajectories for any applied electric field
and packing fraction and calculate the instantaneous velocity ẋ
of each particle as the distance traveled in the time interval
Δt= 2 s. From the magnitude and direction of ẋ, we compute
the mean swimming velocity v (or v0 at ϕ= 0) and persistence
time τ (or τ0 at ϕ= 0). Specifically, to calculate v and v0, we first
average the instantaneous velocities of each active particle i to
obtain its mean swimming velocity vi and then take the mean
among all the �15 particles. To calculate τ and τ0, we consider
the time autocorrelation function of the instantaneous velocity
vector ẋi Δtð Þ ⋅ ẋi 0ð Þh i of the active particle i [17], which decays as

ẋi Δtð Þ ⋅ ẋi 0ð Þh i � v2i 1−
Δt
τi

� �
(6)

where vi is the swimming velocity of particle i and Δt is the delay
time. Equation (6) is valid for Δt ≲ τi[17]. τ and τ0 are the mean
value of τi among � 15 particles. Note that, at ϕ= 0, the velocity-
autocorrelation method yields values of τ that are similar to those
measured from the fit of the translational mean squared displace-
ment of the self-propelling particles (see Figure S4), as commonly
done in several active-colloid studies [3].

5 | Numerical Section

Numerical simulations are performed by considering N
Brownian particles with dipole–dipole interactions to model
SiO2 colloids in solution. The self-propelling SiO2-Au colloid is
modeled using active Brownian dynamics and mainly interacts
with the passive environment through the dipole–dipole forces
generated by the SiO2 back hemisphere.

5.1 | Passive Particle Dynamics

In the absence of the SiO2-Au colloids, the passive environment
consists ofN interacting particles evolving with passive Brownian
dynamics for the particle position xi, given by

ξpẋi =Fp− p
i + ξ

ffiffiffiffiffiffiffiffi
2Dp

q
ηi (7)

where ηi is a Gaussian white noise vector with zero average and
unit variance. The terms ξp and Dp are the drag friction and the

diffusion coefficient of the passive particles. They satisfy the
Einstein relation with the environmental temperature, Dpξp =
kBT, where kB is the Boltzmann constant. Two passive particles
interact via pure repulsive forces Fp− p

i which are determined by
two contributions: short-range volume exclusion forces and long-
range dipole–dipole repulsive interactions. Both interactions are
conservative and can be derived from a pairwise potential,
Fp− p
i = −∇xi

P
j<kU tot xjk

� �
is the distance between the j-th and

k-th particles. The total potential U tot is the sum of a WCA poten-
tial, UWCA rð Þ, and a repulsive dipole–dipole potential, Udip rð Þ,
where r is the interparticle distance. The WCA potential has
the form

UWCA rð Þ= 4ϵ
σ

r

� �
12
−

σ

r

� �
6
+

1
4


 �
(8)

for r < 21=6σ and 0 otherwise, while the dipole–dipole potential
reads

FIGURE 5 | Sketch of the experimental setup. Coated and uncoated silica particles self-assemble in the xy-plane just above the bottom electrode and

AC electric fields are applied in z.
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Udip rð Þ=K
σ

r

� �
3

(9)

for r < 5σ and 0 otherwise. In both potentials, σ represents the
distance between the centers of two interacting particles which,
for interactions between passive particles, is given by the diame-
ter of a SiO2 particle, σ = 2Rp. ϵ and K are the energy scales of the
two potentials.

5.2 | Active Particle Dynamics

The SiO2-Au colloid with position x is modeled as an active
Brownian particle. This particle moves at constant velocity
along the unit vector n̂= ðcos θ, sin θÞ, where θ is the orientational
angle determined by the normal direction of the Au hemisphere.
Specifically, the active particle dynamics for x and θ read

ξaẋ= f sn̂+Fa− p + ξa
ffiffiffiffiffiffiffiffi
2Da

p
η (10a)

ξRθ̇= ξR
ffiffiffiffiffiffiffiffiffi
2DR

p
w+M (10b)

where η and w are two Gaussian white noises with zero average
and unit variance. Da and ξa denote the translational diffusion
and the translational friction coefficient of the active particle sat-
isfying the Einstein’s relation with the environmental tempera-
ture. The term f s denotes the self-propelled force which generates
the swim velocity, DR represents the rotational diffusion coeffi-
cient, ξR corresponds to the rotational friction coefficient, and M
is any torque acting the particle.

When the SiO2-Au active particle moves in the passive colloidal
monolayer, additional forces emerge because of the interactions
between active and passive particles. Specifically, the dynamics
in Equation (7) for the i-th passive particle is subject to interac-
tions with the active particle Fa− p

i . Reciprocally, the dynamics of
the SiO2-Au particle in Equation (10) is governed by the interac-
tions with the surrounding passive colloids, such that Fa− p

a =
−
P

jF
a− p
j , where j= 1,…, N runs over the N passive particles.

The force Fa− p
j is determined by two contributions: (i) a WCA

potential to model volume exclusion between passive and active
particles and (ii) a dipolar potential generated by the interactions
between the SiO2 passive colloid and the SiO2 side of the SiO2-Au

active particle i:e:, Fa− p
j = −∇xj UWCA +Ua

dip

� ���
. As in the pas-

sive case, UWCA is a pure repulsive WCA potential and has the
form shown in Equation (8) with σ =Rp +Ra representing the dis-
tance between the centers of an active and a passive particle. By
contrast, the energy scale ϵ is maintained at the same value of
passive–passive interactions.

The potential Ua
dip has the same functional form of Udip

(Equation (9)). However, since this force is generated by the SiO2

hemisphere of the active colloid, this potential differs from Udip.
In the expression for Ua

dip rð Þ, the distance r is the distance from

the center of SiO2 hemisphere to the center of a neighboring pas-
sive particle rather than the distance calculated from the center of
the active colloid. Therefore, such a dipolar force exerts a larger
repulsion on the passive particles close to the SiO2 hemisphere
compared to the repulsion exerted on the particles close to the
Au hemisphere. Due to the selective repulsion on the SiO2

side, a lever arm of length ℓ arises. Consequently, the active particle
is subject to a torque M=Mẑ which is is given by

M= ℓ×Feff (11)

where ℓ is the vector which links the center of the particle with
the center of the SiO2 hemisphere and Feff is the total force acting
on the center of the SiO2 hemisphere arising from all passive par-
ticles. The torque M governs the orientational dynamics of the
active particle (Equation (10)).

5.3 | Simulation Details

To identify structural changes in passive environments due to the
electric field, we perform simulations in two dimensions with the
dynamics of Equation (7) (i.e., without the active particle). By
contrast, the results of Section 2.2 are obtained by simulating active
dynamics of Equation (10) in a passive colloidal monolayer. With
and without the active tracer, numerical simulations are performed
in a box of size L with periodic boundary conditions. As in experi-
ments, we consider passive environments with area fractions
ϕ=NπR2

p=L2 = 0.15, 0.35, 0.48, 0.64, with N = 103 and L adjusted

correspondingly. Length and time are rescaled by the passive parti-
cle diameter 2Rp and theWCA energy scale R2

pξ=ϵ. With this choice,

the system is governed by the following dimensionless parameters:
(i) the ratio between active and passive particle diameter Ra=Rp,

(ii) the reduced translational diffusion coefficient ξpDp=ϵ, (iii) the

reduced rotational diffusion coefficient DRξpR2
p=ϵ, (iv) the reduced

dipolar interaction strength K=ϵ, (v) and the reduced strength of the
self-propelled force f sRp=ϵ. Finally, we point out that the torque

does not generate additional dimensionless parameters being deter-
mined by (i) and (iv) and by the particle geometry (e.g., the center of
the SiO2 hemisphere).

The dimensionless parameter (i) is determined from the radius
of the experimental colloids. The dimensionless parameters (ii)
and (iii) can be calculated using the Einstein relations for the
translational and rotational diffusion coefficients in water sol-
utions. In dimensional units, the translational diffusion coeffi-
cient of passive and active particles, Dp and Da, can be obtained

by using the following formula ξD= kBT, where kB is
Boltzmann’s constant and ξ= 6πη0R denotes the translational
friction coefficient. Here, η0 represents the water viscosity, T
is the ambient temperature, while R denotes the particle radius.
By choosing Rp or Ra in the expression for ξ, we obtain ξp or ξa,

respectively. In this way, passive and active particles evolve
with the following reduced diffusion coefficients,
Dpξp=ϵ= 0.01 and Da =DpR2

a=R2
p. The rotational friction coeffi-

cient is given by ξR = 8πη0R3
a, while the rotational diffusion

coefficient is fixed by the relation R2
aDR =Da 3=4. The two

remaining parameters, (iv) and (v), can be fitted by comparing
simulations with experiments for every combination of packing
fractions and electric fields. The parameter K/ϵ is determined
through simulations of purely passive particles following the
dynamics in Equation (7). The value of K/ϵ is iteratively
changed until the pair correlation function g(r) obtained in
simulations aligns with the experimental curve. This value is
used as the strength of active–passive dipolar interactions.
Similarly, f sRp=ϵ is obtained by evolving the dynamics in

Equation (10) for an active particle in a passive environment,
iteratively repeating the numerical study until the active parti-
cle velocity ẋ aligns with the experimental result.
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6 | Theoretical Section

In the following, we provide a detailed theory supporting the
experimental observation of a self-sustained reorientation of
active particles when they cruise in compressible colloidal mono-
layers. A visual guide through the theory is given in Figure 6.

6.1 | Fokker–Planck Equation for an Active
Particle Immersed in a Passive Bath

An active particle in a passive bath is described by coupled
stochastic differential equations: Equation (7) models passive
particles, while Equation (10) describes the evolution of position
and orientation for the self-propelled colloid. The dynamics for
the orientational angle θ can be expressed in polar coordinates
keeping the Ito convention for interpreting the stochastic noise
as follows:

ṅ= −DRn+
ffiffiffiffiffiffiffiffiffi
2DR

p
χ a +

1
ξR

M×n (12)

Here, the noise vector χ a = ð0, 0, ξrzÞ is a noise vector and torqueM
are directed along ẑ (i.e., normally to the plane of motion). The
latter term depends on the position of the environmental particles

as M= ℓ×Feff = n̂ℓ×
P

jF
dip
j . Switching to the Fokker–Planck

equation for the probability distribution fNðx, n̂, x1, : : : , xN, tÞ of
the full many-body interacting system, we obtain

∂
∂t

fN =∇i Dp∇i −
Fa− p
i

ξp

� �
fN +∇ Da∇−

Fa− p
a

ξa

� �
fN − v0n̂

⋅ ∇fN +DRLa fN −
1
ξR

∂
∂n̂

⋅ M× n̂½ � fN (13)

Here, ∇ and ∇i denote the derivative with respect to active par-
ticle position x and the passive particle position xi, respectively.
In addition, we have defined the active speed v0 = f s=ξa and we
remind that the total force acting on the active particle due to the

passive particles can be decomposed as Fa− p
a =FWCA

a +Fdip
a being

due to steric repulsions (WCA potential) and dipolar potentials.
The latter additionally exerts a torque on the dynamics of the
orientational angle. By contrast, the total force acting on each
passive particle is due to the active colloid and other passive

particles, Fa− p
i and Fp− p

i , respectively. The operator La accounts
for the dynamics of the active force and has the following form
[54]:

Laf =
∂
∂n̂

⋅ n̂+
∂
∂n̂

⋅D
� �

f (14)

where the matrix D has the following spatial components:

D=
n2y −nxny
nynx n2x

� �

La is formed by two terms: a “deterministic” drag term propor-
tional to the first derivative with respect to n̂ and a “diffusive” term
proportional to the second derivative with respect to n̂. Moreover,
we remark the following property, which will be used later:

hDi= I

where I is the identify matrix and the average is performed over
all the variables of the system. The approximation above does not
affect the coarse-grained description [54].

6.2 | From the Fokker–Planck to the Boltzmann
Equation

By integrating the Fokker–Planck equation over the environ-
ment degree of freedom, we obtain an effective Boltzmann equa-
tion for the system under investigation. Specifically, by defining
the single-body probability distribution f = f x, n̂ð Þ= ∫ dx1 : : :
dxNf N x, n̂, x1 : : : xNð Þ and integrating the Fokker–Planck equa-
tion over x1, : : : , xN , we obtain

∂
∂t

f =Da∇2f −∇ ⋅
Z

dx0
Fa− p
a ðjx− x0jÞ

ξa
f 2 − v0n̂

⋅ ∇f +DRLaf −
∂
∂n̂

⋅
Z

dx0f 2Mðjx− x0 − ℓjÞ× n̂
ξR

(15)

This equation for f involves the two body probability distribution
f 2 = f 2 x, x0, n̂, tð Þ depending on the coordinates of one active par-
ticle and one passive particle. To proceed further, it is necessary
to express f 2 in terms of f finding a suitable closure for the

FIGURE 6 | Theory for the motion of an active particle in compressible environments. Schematic representation of the key steps and results

described in the Theoretical Section. The combination of asymmetric interactions (between the Janus active particle and the passive spheres) and

a compressible matrix generates a torque leading to a spontaneous chiralization of the active motion.
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BBGKY hierarchy. As shown below, the first term involving Fa− p

can be treated as in Ref. [55] and leads to an effective active speed
v0 → v0ðρenvÞ which depends on the passive particle density
(i.e., on how many interactions take place on the active particle).
The second term involving M needs a different treatment which
will be responsible for the chiral motion observed in the active
particle dynamics.

6.3 | Approximation to Close the BBGKY
Hierarchy

We approximate the two-body probability distribution
f 2ðx, x0, n̂, tÞ depending on the active and passive particle coor-
dinates, x and x0, as

f 2 x, x0,n, tð Þ= ρenv x0ð Þf x,n, tð Þg (16)

where

g=
gðjx− x0j,φ, tÞ
gmðjx− x0 − n̂ℓj,φ, tÞ

�
(17)

Here, we have neglected the time evolution of
ρenv x0, tð Þ= ρenv x0ð Þ which is supposed to relax fast compared
to the active particle density. The term gðjx− x0j,φ, tÞ is the pair
correlation function which depends on the relative distance
between active and passive particles as well as the angle
φ=φðθ, tÞ enclosed by the displacement vector x− x0 and the
active particle orientation n̂= ðcos θ, sin θÞ. gm is the same pair
correlation function evaluated at the distance between the center
of the passive particle and the center of the active particle cap—
which does not coincide with the geometric center. This approach
resembles the one developed in Ref. [55], with the difference that
the active particle interacts only with the surrounding passive par-
ticles. Under this assumption, we estimate the interaction term as

1
ξa

∇ ⋅ F=∇ ⋅
Z

dx0
Fa− p
a ðjx− x0jÞ

ξa
f 2

= −
1
ξa

∇f
Z

dx0u0ðjx− x0jÞ x− x0

jx− x0j ρenv x0ð Þg
(18)

where we have introduced the mean force F as the integral of the
interactions. The interaction force Fa− p is the sum of the force due
to WCA potentials and dipolar interactions. Here, we have
neglected the asymmetry in the dipolar interactions. Specifically,
we have assumed ℓ ≈ 0 since the asymmetry does not fundamen-
tally contribute to the translational dynamics of the active particle.

To proceed, we decompose the mean force as

F= n̂ ⋅ Fð Þn̂+ δF= n̂ ⋅ Fð Þn̂+
Da

DR
F jj∇f (19)

where

F jj =
DR

Da

∇f − n̂ ⋅ ∇fð Þn̂
j∇f j2


 �
⋅ F (20)

Since δF is small, we can immediately find the leading contri-
bution by scalarly multiplying the previous expression by n̂,
obtaining

1
ξa

F ⋅ n̂ ≈ −
1
ξa

f
Z

dx0U 0ðjx− x0jÞρenv x0ð Þg cosφ

= −
1
ξa

f ρ̃env

Z
dr0r0U 0 r0ð Þ

Z
2π

0
dφg r0,φ, tð Þ cosφ

= −
1
ξa

f x, n̂, tð Þρ̃envζ
(21)

In the first equality, we have used that Fa− p = −∇U and U is the
total interaction potential comprising the dipolar interactions
and the WCA potential. In the last equality, we have considered
a uniform passive environment ρðx0Þ ≈ ρ̃, switched to polar coor-
dinates, and introduced the coefficient ζ as the result of the radial
and angular integral reported above. Note that if g r0,φð Þ does not
depend on φ as in the absence of activity, then ζ= 0. This implies
that the interaction term reads

1
ξa

∇ ⋅ F= −
1
ξa

ρ̃envζ∇f −
F jj
ξa

Da

DR
∇2f (22)

Assuming that both ζ and F jj are constant terms, the Boltzmann
equation takes the following form:

∂
∂t

f =∇ ⋅ Deff∇− v ρð Þn̂ð Þf +DRLaf −
1
ξR

∂
∂n̂

⋅
Z

dx0Mðjx− x0jÞf 2

 �

× n̂ (23)

where

vðρÞ= v0 − ρ̃env
ζ

ξa
(24a)

Deff =Da −
F jj
ξa

Da

DR
(24b)

As a consequence, the environmental particles have two effects
on the effective dynamics of the active particle: (i) the effective
swim velocity is reduced as the density of the environment is
increased and (ii) the effective diffusion coefficient of the active
particle is decreased.

The approximation of the torque term is more problematic. A net
torque on the active particle naturally arises only because the
dipolar force is no longer applied in the geometric center of
the particle x but rather in the position x− ℓ, where ℓ= n̂ℓ.
By introducing the average torque, M, this term can be
expressed as

∂
∂n̂

M×
n̂
ξR

=
∂
∂n̂

Z
dx0f 2Mðjx− x0 − ℓjÞ× n̂

ξR

= −
∂
∂n̂

f
Z

dx0ρenv x0ð Þgm

× Fdipðjx− x0 − ℓ

 ��Þ× ℓg× n̂

ξR

(25)

Manipulating the latter term is hard. However, we can estimate
the average torque by considering that it is generated by a density
gradient in the environment. This density gradient emerges
because the dipolar interactions are applied in the center of
the uncoated hemisphere. Therefore, dipolar interactions induce
a density environmental change compared to the the homoge-
neous value ρðx0Þ= ρ0 + λΔρðx0Þ. Here, the length λ represents

12 of 15 Small Science, 2026
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the typical distance where the density change takes place. The
average torque M becomes

M=
Z

dx0 Fdipðjx− ℓ− x0jÞ× ℓ

 �

ρenvðx0Þgm
≈ Δρπλ2 g̃ jF̃dipjℓ ẑ

(26)

where F̃dip =Fdip Rp +Ra

� �
is the dipolar force calculated at the

distance between passive and active particle and
g̃= ∫ dφgm Rp +Ra,φ

� �
is the pair correlation function evaluated

at the contact point and averaged over the polar angle φ. Note that
this approximation is equivalent of considering the δ-Dirac func-
tion approximation for the force. We can proceed further and esti-
mate Δρ by treating the active force due to active particle as a
simple external force acting on the passive environment:

Δρ= − ρ0
ΔV
V

= ρ0χΔp= ρ0χ
γv0
2πλ

(27)

being χ the compressibility of the passive environment and Δp
the pressure difference. Δp is estimated in the last equality of
Equation (27) as the swim pressure generated by the active veloc-
ity. Consequently, the torque term is approximated as

1
ξR

∂
∂n̂

⋅M× n̂ ≈ hθ̇i ∂
∂n̂

⋅ ẑ× n̂ð Þ f ðx, n̂, tÞ (28)

where we have introduced the typical angular velocity hθ̇i as

hθ̇i= ρ0χ
γv0
2ξR

λ g̃ jF̃dipjℓ (29)

This angular velocity vanishes in the absence of activity v0 = 0,
in the absence of dipolar interactions, or if these interactions
are entirely applied in the geometric center (ℓ= 0). Equation (29)

predicts the scaling of hθ̇i as a function of v0 reported in experi-
ments and numerical simulations.

By replacing the expression for M in Equation (23), we obtain

∂t f =∇ ⋅ Deff∇− v ρð Þn̂ð Þf +DRLaf − hθ̇i ∂
∂n̂

⋅ ẑ×
n̂
ξR


 �
f (30)

This is the effective Boltzmann-like equation for a noninteracting
chiral active particle. Here, the interactions with the passive parti-
cle of the environment induced a density-dependent cruising veloc-

ity vðρÞ and an effective torque which gives rise to a chirality hθ̇i.

6.4 | Derivation of an Effective Fick’s Equation

To derive a Fick’s equation, we introduce the density and polari-
zation fields, which depend on the active particle position x and
time t. The local density, ρ= ρðx, tÞ, is defined by integrating the
single-body probability distribution f over the self-propulsion
vector:

ρ x, tð Þ=
Z

dn f x, n̂, tð Þ (31)

On the other hand, the local polarization field, p=p x, tð Þ, can be
introduced by multiplying the single-body distribution f by n and
then integrating over n:

p x, tð Þ=
Z

dn f x, n̂, tð Þ n̂ (32)

By integrating the closed Boltzmann equation for the single-body
probability distribution f over the self-propulsion vector n̂
(Equation (30)), we obtain the time evolution for the density field
ρ x, tð Þ:

∂
∂t
ρ= −∇ ⋅ v ρð Þp−Deff∇ρ½ � (33)

where vðρÞ and Deff are given by Equation (24). By multiplying
Equation (30) by n̂ and then integrating over n̂, we derive the
polarization balance equation, which reads

∂
∂t
p= −

1
2
∇ v ρð Þρð Þ+Deff∇2p−DRp+ hθ̇iẑ×p (34)

Here, we have closed the coarse-grained equations by approxi-
mating the quadrupolar tensor hn̂n̂i= I=2. The polarization
relaxes faster than the density. Thus, we can neglect time and
spatial derivatives in Equation (34), obtaining

p = − 1
2DR

∇ v ρð Þρð Þ I− ϵhθ̇i� �− 1 (35)

= − 1
2DR 1+ hθ̇i2ð Þ∇ v ρð Þρð Þ I+ ϵhθ̇i� �

(36)

where the antisymmetric (2D Levi-Civita) tensor ϵ has element
ϵxx = ϵyy = 0 and ϵxy = − ϵyy = 1. The solution for the steady-state
polarization field pðxÞ admits transverse gradients that explains
the helical trajectory experimentally and theoretically obtained.
Indeed, by replacing the solution of Equation (36) in the equation
for ρ (Equation (33)), we obtain

∂
∂t
ρ=Deff∇2ρ+

I+ ϵhθ̇i� �
2DR 1+ hθ̇i2� �∇ ⋅ v ρð Þ∇ v ρð Þρð Þ½ � (37)

The antisymmetric structure of the tensor ϵ implies that the sys-
tem shows odd diffusivity. This is a well-known consequence of
the presence of chirality as observed in previous studies [73].
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