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The dynamics of self-propelled particles with curved trajectories is investigated. Two modes are
observed, a bulk mode with a quasicircular motion and a surface mode with the particles following the
walls. The surface mode is the only mode of ballistic transport and the particle current is polar and depends
on the particles’ chirality. We show that a robust sorting and extraction occurs when the particles explore a
domain with two exit gates collecting selectively the particles circling left and right. With a counterslope,
the extraction rate is found to increase while the sorting error is reduced.
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Collections of self-propelled particles [1-3] have
attracted much attention as a minimal framework to mimic
collective behavior observed in biological systems [4-6].
Such active assemblies are studied as a model situation for
out-of-equilibrium physics in which the key ingredient is
the directional motion of the particles. A recent develop-
ment in active matter concerns the use of chiral particles.
Two classes of chiral particles may be identified with, first,
the spinners [7-14], meaning rotating elements without
directional motion, and second, the circling particles
[15-24] combining directional and rotational activity.

In this Letter, we take advantage of the polarized edge
currents existing close to a confining surface for circling
particles. We show that the wall current is robust in dilute
regime, at much lower densities than what is observed with
spinner assemblies. Our results demonstrate a process of
polar separation within a binary mixture of particles
circling either left or right. The sorted particles are not
only phase separated [24-29] but also separated by types in
two distinct compartments. This compartment sorting is
spontaneously initiated by events of particle-particle colli-
sions. It demonstrates that the source of orientational
disorder from the collisions can induce a positional order
with the polar separation in the target compartments.
Finally, we demonstrate that the sorting can be tuned using
an external field: by placing the two compartments at a
higher altitude, the sorting rate and the accuracy of the
sorting can be increased. As discussed below, this counter-
intuitive result can be understood by considering the role of
the particle-particle collisions in the sorting process.

The interaction of an active particle with a wall is a key
ingredient of this work. With nonchiral particles, the
interaction with walls may induce particle sorting in various
geometries such as funnels [30,31], wedges [32,33], or
even flat walls [34]. The wall-confining surface interaction
is also important in a biological context. For example, the
interaction of a bacterium with walls may induce biased
turns in branched channels [35], circular motion near walls
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[36], or upstream swimming [37]. The interaction with
boundaries plays also a central role in the migration of
sperm cells [38] or the focusing of swimming algae by
curvature gradients [39]. Concerning collective effects, the
presence of walls induces quasi-2D clustering in the case of
gliding bacteria [40]. The confinement of a bacterial
suspension in a circular domain may also form large-scale
circulations [41]. In model systems of active particles, the
interaction with walls may be responsible for the guiding of
artificial swimmers [42,43] or the formation of surface
clusters [44-46]. For chiral active particles, the interaction
with walls may result in a biased wall flow that depends on
the polarity of the particles. Polarized wall flows have been
obtained in simulations of spinners in the form of mono-
mers [9] and dimers [10]. Similar observations have also
been reported for self-propelled particles with circular
trajectories in experiments [13] and in simulations [15,17].

The chiral particles are electromechanical robots of two
types, moving in curved trajectories turning either left or
right. Figure 1(a) shows the trajectory of a right-turning
particle in a bulk mode, far from any domain boundary. The
radius of curvature of the particle’s trajectory is of the order
of the particle’s length. The average period of the circular
trajectory for a particle is (7) = 1.33 s (see Supplemental
Material, I [47]). This circular trajectory is similar to the
trajectories obtained with asymmetric [48-50] or
symmetric [51] particles and in simulations of self-
propelled particles with an added torque [16,19-21,23].
Figure 1(b) shows a second trajectory for the same right-
handed particle guided by the wall in a counterclockwise
surface mode.

During the trajectory recording of Fig. 1(c), a total of
nine transitions from a bulk mode to a surface mode were
identified. All the transitions occurred after a particle-
particle collision: six transitions were subsequent to a
collision involving two particles in bulk mode and the
three other transitions were from a particle in bulk mode
colliding with a particle in surface mode. A video (movie

© 2020 American Physical Society
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FIG. 1. (a) Trajectory of an isolated right-turning particle
(2.6 s). (b) Trajectory of the same particle in surface mode.
(c) Root mean square displacement (RMSD) for seven particles in
a circular box as a function of the time increment. The solid line is
the RMSD averaged over the particles that are not in contact with
the walls. The dashed line is the RMSD for the particles close to
the wall. A ballistic regime with a slope 1 and a diffusive regime
with a slope 1/2 are also represented (logarithmic axes).

vl) in the Supplemental Material [47] shows one of the
transitions for a particle from bulk mode to surface mode
after a particle-particle collision. The particle-particle
collisions are at the origin of the transitions toward the
surface modes. First, there is no transition to surface mode
with one particle in the box. Second, the transition rate
I, from bulk mode to surface mode is in good agreement
with the number of particle pairs I',_,; x N(N — 1)/2 (see
Supplemental Material, II [47]). The effect of the particle-
particle collisions is to modify the orientation of the
particles: if a particle-particle collision happens for a
particle close to a wall, it may eventually lead a particle
to contact the wall with the appropriate angle of incidence
in order to transit to the surface mode (see Supplemental
Material, IIT [47]).

The trajectories are processed to extract the root mean
square displacement (RMSD) of the particles as a function
of the time increment 7. A first RMSD is computed for the
trajectories within a smaller circular domain avoiding the
boundaries. This RMSD is represented in Fig. 1(c) by a
solid line. A second RMSD is computed for the trajectories
close to the wall. At short times, both RMSDs show a
ballistic regime for the particles moving unhindered along
locally straight trajectories. For the bulk, the RMSD
presents an oscillation with a first local minimum at
7 = 1.3 s. This oscillation is a consequence of the circular
motion with a natural period (T') = 1.33 s. The coherence
of the oscillations is progressively lost at longer times,
mostly because of collisions. At long times, the RMSD is
subdiffusive because of finite size effects. For the wall
domain, the ballistic regime gives a slightly lower velocity

because the particle’s velocities are reduced by the wall
friction. The ballistic regime, however, extends for a longer
time and the rotation of the particle in the box is observed
for 7 = 8.7 s. The first local maximum (z = 4.3 s, RMSD
=0.54 m) is consistent with the diameter of the box (0.6 m).
With linear walls, the ballistic regime would extend for a
much longer time.

The local minima for both RMSDs in Fig. 1(c) follow the
same regime identified as a diffusion limit. In the absence
of fluctuating trajectories, a particle would exactly come
back to its initial position after a time (7). In the presence
of fluctuations, the residual displacement at this local
minimum is a direct measurement of the noise magnitude.
This regime suggests that the origin of the noise is the same
for the particles in bulk mode and the particles in
surface mode.

Figure 2(a) presents a vector map of the average
velocities of the particles. A color scale is used to indicate
the orientation of the velocity vector with respect to the
center of the box. The external wall layer shows a
counterclockwise flux consistent with the trajectories of
the particles in surface mode. More surprisingly, a counter-
flow with a clockwise flux is observed for a second inner
layer. This clockwise flux can be interpreted as the
consequence of the particles in bulk mode evolving in a
bounded domain. In the center of the box, the particles are
uniformly distributed during the acquisition and the
contribution of two adjacent rotating particles cancels
out. Near the wall, the particles are not able to rotate
outside of the domain (see the ghost trajectory represented
by a dashed line) so the contribution from two nearby
particles does not cancel out systematically.

The particle transport is represented in Fig. 2(b) with a
map showing the ratio D, (x,y)/z in which D_(x,y) is the
particle displacement for a time increment z = 1.52 s. This
value is chosen slightly higher than the average circular
period (T) = 1.3 s in order to maximize the ratio between
the distance traveled by the surface particles and the
distance traveled by the bulk particles. A low value for
D,(x,y)/7 means that the particles are coming back to the
same position after a time 7 because of the circling. A large
value is obtained for particles moving straight.

For most of the domain, D, /7 is of the order of 6 cms™!,
which is significantly smaller than v, = 30 cms~!, the
particles typical velocity. This low value is for the bulk
populated by particles with circular trajectories, without
significant transport over a time 7 = 1.52 s. Near the walls,
there is a clear difference between the two external layers
identified in Fig. 2(a). For the outer layer, there is an
effective transport of the particles which follows the surface
streamline circulation. For the inner layer there is no
increase of particle transport compared to the center of
the box in contrast to what the vector map seems to
indicate. This result is remarkable: it is not possible to
infer the ballistic transport of particles (b) from the analysis
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FIG.2. (a) Average instantaneous velocity field obtained from a
set of N = 7 right-turning particles in a circular box. The color of
the arrows indicates the orientation of the velocity with respect to
the center of the box. Two pairs of schematic trajectories are
represented on top of the vector field to illustrate the clockwise
circulations. The dashed line is a nonexisting trajectory because
of the wall presence. Two green boxes are represented to illustrate
the trajectory sampling. (b) D./7 (ms~!) with D, the distance
increment during a time 7. Here, the value selected for 7 is 1.5 s,
close to the first minimum in the MSD of a particle in bulk mode
[see Fig. 1(c)]. For a particle moving straight, D,/7 is the
instantaneous velocity of the particle. For a particle describing
perfect circles with a period T, D,/7 =0 for t = T.

of the velocity map (a). The question of particle transport
could also be problematic with net quantities: the integrated
contribution of the velocity field in Fig. 2(a) for the inner
negative layer (in blue, clockwise) and the outer positive
layer (in red, anticlockwise) almost cancels. This means
that one could miss the particle net transport at the walls by
analyzing only the instantaneous velocity field.

A second experimental configuration is presented in
Fig. 3(a). The aim of this configuration is to extract
selectively the particles in two compartments according
to their polarity. A set of N; = N, particles runs in the
channel with N, the number of particles turning right and
N, the number of particles turning left. If a particle crosses
one of the two gates and enters in a compartment, the
particle is manually repositioned in the lower part of the
channel. This procedure permits us to study the particle’s
first passage sorting rate by maintaining constant the
particle number in the experiment, if one neglects the time
between the gate crossing and the manual replacing of the
particles (typically 2-5 s). Two series of experiments are
performed, one with the experiment horizontal and the
other with a small tilt of the table. Even at the lowest
density explored, the particles are not in a rare collision
regime. With N =4, there is about one collision per
second, either between particles or with the walls.
Consequently, there is no memory effect of the initial
configuration beyond a few seconds.

Figure 3(b) presents the rate of particles entering in the
target compartments. The set of experiments with the
horizontal table (@ = 0°) is for N;+ N, =4, 8, and 16
particles. The square data points are for the total rate of
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FIG. 3. (a) Top view of the sorting experiment with N, =4
right-turning particles and N; = 4 left-turning particles. Most of
the particles are in the bulk mode except for one right-handed
particle that is about to reach the gate R and one left-handed
particle following the wall toward the gate L. This snapshot is for
the horizontal experiment (a« = 0°). The whole experiment can be
tilted to induce a horizontal external field gsina. (b) Particle
extraction rate as a function of the total number of particles in the
channel for the horizontal (@« = 0°) and the tilted experiment
(o = 1.8°). Once a particle is counted in a compartment, it is
replaced in the channel. The circle charts indicate the error ratio.
(c) Particle locations in the channel (right-handed red dots, left-
handed blue dots) without tilt. (d) Particle locations in the channel
(right-handed red dots, left-handed blue dots) with a tilt @ = 1.8°.

particles crossing the gate L and R, independently of their
polarity. For the lowest rate measured for N = 4, there are
16 particles entering in the compartments, which means
that the relative error for this point is of the order of 1/15.
The expected scenario for the sorting is a collision that
results in a transition from bulk mode to surface mode.
Once this occurs, the particles are guided by the walls to the
gates with the particles turning left or right guided to the
gate L or R, respectively (see movie v2 [47] for a successful
extraction with right-turning particles). For each data point,
a circle chart indicates the error ratio for the particles that
went in the wrong compartment. The chart is such that no
error corresponds to a green disc and an error ratio of 1:1
corresponds to a red disc. The error for the sorting on a
horizontal table is one to two particles going in the wrong
gate out of ten extracted particles. The sorting error is due
to two factors: the presence of particles in the vicinity of the
wrong gate because of bulk mode diffusion and the
collisions close to the wrong gate (see movie v3 [47]).
In order to reduce the presence of particles in bulk
mode close to the gates, a tilt of the support is imposed.
Figures 3(c) and 3(d) show the effect of the tilt of the
experiment on the particle locations. Each colored point is a
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trajectory point of the particles with blue dots for right-
turning particles and red dots for the left-turning particles.
For the horizontal experiment in Fig. 3(c), the particles are
homogeneously distributed in the channel. At the curved
region of the channel, there are slightly more left-turning
particles (blue) on the right side and right-turning particles
(red) on the left side. For the tilted experiment in Fig. 3(d)
there is an increase of particle density in the bottom part of
the channel at a lower altitude due to gravitaxis [50].
Contrary to the horizontal experiment, the only particles
significantly represented in the upper part of the channel are
the particles guided by the walls.

The second experiment with the tilted table (@ = 1.8°) is
performed with N, + N, = 4, 8, 16, and 24 particles. First,
and for all the data points, the error ratio is well below the
error ratio obtained with the horizontal table. Here, 1 to 2
particles end up in the wrong gate out of 100 extracted
particles. This is consistent with the map locations in
Fig. 3(c) in which the only particles near the gates are the
particles in the polarized wall current. Second, the total rate
of extraction in Fig. 3(b) is also higher with tilt than
without. This is consistent with the particle concentration
that is higher with the tilted table. As discussed before, the
transition from bulk mode to surface mode is only possible
due to collisions between particles. Because the particle
concentration is higher, the collision rate is also higher. To
support this argument, one can estimate that the particle
density in Fig. 3(d) is about twice the density in Fig. 3(c).
This factor 2 is consistent with the factor 2 for the rates in
Fig. 3(d) for N, + N, =4 and 8.

In Fig. 3(b), the slope for the first two data points with
N =4 and N = 8 is compatible with a rate proportional to
N?. The power law with an exponent 2 is for a scenario in
which the particles transit to the surface mode after particle-
particle collisions. An estimation of the collision rate is
P, x N?/2 in which P, is the rate collision for a pair of
particles and N?/2 an approximation for the number of
pairs. The collision rate for pairs of particles is approxi-
mated by (s,,/S)z,~" in which s, is the surface of a single
particle, S the surface occupied by the particles, and 7, the
coherence time of a given particle configuration. z,. sets the
time rate at which the particle configurations are explored
and it is the only free parameter of the model. The transition
rate from bulk mode to surface mode can be predicted by

FZp(SP/Sﬁ';lNZ/Z (1)

in which p is a numerical prefactor that accounts for the
fact that not all the collision will lead to a bulk to surface
transition. A value of p = 0.182 is computed for the domain
geometry (see Supplemental Material, V [47]). The model
for the horizontal experiment in Fig. 3(b) is with S = S, in
which S, = 2.1 x 10° cm? is the area of the channel. The
model for the tilted experiment is with § = S}, /2. The rate
for the horizontal and tilted experiments is fitted with the

model in Eq. (1) with 7, = 0.12 s. This coherence time 7,
corresponds to a displacement for a particle vz, = 3.7 cm,
which is consistent with the particle body length 4.5 cm.

At large N, the probabilistic collision model (1) fails to
describe the measured rates. This is because the number of
particles in surface mode is not negligible and the effective
number of particles in the bulk is less than the total number
N. In addition, collisions between surface particles of
opposite polarities tend to decrease the persistence of
surface mode particles, which means that some particles
in surface mode may not reach the compartments and may
return in the bulk mode (see movie v4 [47]).

To summarize our work, a strategy of spontaneous
sorting and extraction of active chiral particles is proposed
with a strict condition of first passage through a target
domain. The extraction is selective with the particle
polarities and it relates to a polar ballistic transport only
for the particles guided by the walls. No ballistic transport
is observed for the particles away from the walls because of
the circular trajectories. With a horizontal support, the
particles entering in the wrong gate represent 10% to 15%.
This error is dominated by the particles reaching the gates
by diffusion in the bulk. By slightly tilting the experiment,
the error is drastically reduced because the particles in bulk
almost never reach the gates by simple diffusion. With this
tilt, only the particles which end up following the walls are
extracted and sorted with an error of only 1%-2%.

The particle-particle collisions could be identified as the
elementary events initiating the particles sorting. This tells
us how far from equilibrium an active system with circling
particles is: the collisions, while being a source of orienta-
tional disorder, ultimately lead to an ordering of the
particles into the two compartments.
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