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Fig. 1. (a) An active rotor consists of two Hexbug robots and an acrylic disk shell: top view, side view and bottom view, from left to right. (b) and (c) Probability
distribution functions of the angular velocity and displacement components of a single rotor. The full lines are fits with Gaussian distribution. (d) Schematic diagram

of the experimental system.
1. Introduction

In active matter, constituent particles convert their own or ambient
energy into directed motion on an individual scale [1,2]. The directed
motion not only includes the translational self-propulsion, but also the
directional rotation. Depending on the characteristics of motion, active
particles can be categorized into linear active particles (with directional
translation and stochastic rotation), circular active particles (with both
directional translation and unidirectional rotation) and active rotors
(with stochastic translation and directional rotation). In particular, the
directed rotation breaks both time-reversal and parity symmetries, such
that the active rotors are often called chiral active particles. Chiral active
matter can exhibit novel behaviors. For instance, a crowd of rotors
possess a nondissipative transport coefficient called “odd viscosity” or
“Hall viscosity” [3,4], and active rotors in the confinement can exhibit

robust boundary flow, which is closely related to quantum Hall fluid and
topological insulator.

Active particles are, in most cases, studied in a complex environ-
ment, generally including confined geometry, boundary walls, obsta-
cles, etc. [5]. The particle's activity and environmental complexity can
jointly result in the emergence of the spatiotemporal structures and
exotic collective dynamics observed in active systems [6-17], which are
not present in the equilibrium state. The study of these intriguing
properties provides promising chances to uncover new physics and,
simultaneously, to develop novel strategies for designing smart devices
and advanced materials.

Obstacles, as a typical class of complex environment, can induce
various counterintuitive motion behaviors such as directional transport,
super-diffusion, sub-diffusion, and even trapping when interacting with
active particles [18-25]. Based on these interesting behaviors, a series of
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Fig. 2. Mixture of chiral rotors sliding down to the bottom of the inclined plate, and histograms of 200 rotors at various lateral position of the bottom of the inclined
plate. (a) without obstacles, still showing the mixed state. The origin corresponds to the center of the plate. (b) with obstacles, showing chiral separation.

complex functions ranging from rectification, separation, and capture to
sorting of particles are realized by designing the arrangement of obsta-
cles, the structure of obstacles, and interactions between obstacles and
particles [26-35]. Among these applications, the separation or sorting of
active particles is of crucial importance for various fields in science and
engineering.

Previous studies have reported the sorting or separation of linear
active or circular active particles in an obstacle array [26,29-31,34-371,
originating from the interplay between the motion attributes of active
particles (i.e., the persistent length, chiral rotation and so on) and ob-
stacles. However, research on the separation of active rotors is rare,
although the rotor is also a common type of active particle. In contrast,
recent study has focused more on collective movement and self-
organization of active rotors in the absence of obstacles [38-42].

In this paper, we experimentally construct a system to separate active
rotors with different chirality, i.e., spin direction. Specifically, patterned
obstacles are fixed on an inclined plate, and mixed chiral rotors
(clockwise and counterclockwise spin) slide down the plate and pass
through the obstacle array. Our experiment unambiguously demon-
strates that a rotor is always displaced laterally after the rotor bumps
into an obstacle. The direction of the transverse transport depends on
the chirality of rotation. Thus, clockwise and counterclockwise rotors
are chirally separated to opposite sides of the inclined plate after they
pass through the obstacle array. We also find that the separating effect
strongly depends on the friction between rotors and obstacles.
Furthermore, we propose a simple theoretical model that can properly
reproduce the characteristics of the chiral separation achieved in ex-
periments and thus reveal its essential mechanism.

2. Experimental setup
The active rotor in the experiment consists of two Hexbug robots and

an acrylic disk shell. A single Hexbug robot, with a length of 4.5 cm and
width of 1.3 cm, carries a 1.5 V button cell battery that drives a built-in

vibration motor, which has been used in previous studies [14,43-47].
There are 5 pairs of parallel, flexible rubber legs on each side of the
robot's body, and all legs bend slightly backward. The vibration motor,
through the flexible legs, can drive the robot to perform approximately
linear motion just perturbed by random noise on a two-dimensional
solid substrate. The random noise, consisting of internal and environ-
mental noise, can result from the noise of the vibration motor inside the
robot, the nonuniform friction between the rotor and the substrate, a
slight length difference between the ambilateral legs of the rotor, etc.
Two Hexbug robots arranged in antiparallel directions, are installed in
an acrylic disk shell of diameter 5.5 cm, forming an active rotor, as
shown in Fig. 1 (a). The arrangement configuration of two robots will
lead to a torque that spins the rotor. By exchanging the positions of two
robots, we can change the chirality of a rotor, i.e., from clockwise to
counterclockwise spin and vice versa. An individual rotor in a plane with
no obstacles spins with an average angular velocity =~ 6.9rad/s, see
Fig. 1 (b), where the probability distribution function of the angular
velocity is symmetrical with respect to 6.9 rad/s. Similarly, the distri-
bution of translational displacement of a single rotor is symmetrical with
respect to the origin [see Fig. 1 (c)], suggesting that the rotor performs
an unbiased Brownian motion.

The experimental system, consisting of an inclined plate (length L =
180 cm, width W = 120 cm, and an inclined angle a) and a two-
dimensional cylinder (i.e., obstacles) array, can separate and collect
active disk-shaped rotors with opposite spin chirality sliding through the
obstacles, as shown in Fig. 1 (d). The rotors with opposite chirality are
uniformly mixed and placed on the top of the slanted plate. Initially,
these rotors are restricted by a baffle. Then the baffle is removed and the
rotors slide down the plate and pass through the obstacle array attached
to the plate. The arrangement pattern of the obstacles is a triangular
lattice, and the center-to-center distance between two neighboring posts
is a = 22 cm, with obstacle diameter d = 10 cm.

The coefficient of friction between the rotor and obstacle is tuned by
pasting sandpapers with various roughness on the outer side faces of the
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rotor shell and obstacle. Here, two methods are applied to quantitatively
determine the coefficient of friction. In the first method, a sandpaper is
glued on the bottom of a sleigh, and the sleigh is put on an inclined
surface covered by the same sandpaper. The inclined angle is measured
to obtain the coefficient of friction as the sleigh starts to slide. To
measure the friction coefficients by the second method, a sandpaper is
pasted on the flat bottom of a metal block with a mass M, and a string is
attached to the block. On the other end of this string, a weight with a
mass of m is hung via a pulley to apply a force mg. The applied force pulls
the block with a constant acceleration, and the coefficient of friction can

be givenby u = %‘;m)“, where m, M and a (i.e., the acceleration of the

block or weight) can be directly measured experimentally. The two
methods, thus, can be cross tested to acquire a reliable coefficient of
friction between the rotor and the obstacle. A digital camera hung above
the inclined plate records the trajectories of the sliding rotors, the con-
tact position of a rotor colliding with an obstacle, and the number of
rotors in the collection area at the bottom of this plate for the following
data analysis. Each experiment runs about 30 min.
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Fig. 3. (a) The approximate straight-line trajectory of a rotor sliding
down the plate without obstacles. Color bar indicates time. (b) and (c)
deflection in the lateral direction (4+x or -x direction) as a counter-
clockwise (clockwise) rotor colliding with an obstacle. Trajectories are
spiral because the tracing point on the rotor is off the rotor's center. (d)
dependence of the direction of the lateral drift on the spin chirality
(rotor against rough surface). (f) almost no lateral drift (rotor against
smooth surface).

3. Experimental results
3.1. Chiral separation of rotors passing through the obstacle array

We release 20 rotors uniformly mixed, 10 clockwise and 10 coun-
terclockwise, from the top of the inclined plate. These rotors slide down
to the bottom of the inclined plate without the obstacles array, still
remaining mixed. Namely, two kinds of chiral rotors distribute in each
collection area, as shown the Fig. 2 (a).

In contrast, mixed rotors pass through the obstacles array, and
spontaneously separate into two groups according to their spin chirality.
The counterclockwise rotors accumulate on the collection area that is on
the left side of the bottom of the inclined board, and the clockwise ones
on the right collection area. The separating efficiency is 1, i.e., the two
kinds of chiral rotors are completely separated and respectively
collected, see Fig. 2 (b). For the separation of chiral rotors, we examined
the effect of several arrangement patterns of obstacles, such as rectan-
gular and parallelogram lattice, on the separating efficiency. It is found
that as long as the row number of the obstacle array is sufficient and the
gap between neighboring obstacles will not cause rotor clogging, the
efficiency is independent of the arrangement pattern and is almost 1. For
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the present the obstacle pattern, the minimum number of obstacle rows
required to achieve a chiral separation is estimated by m = [¥] + 1,
where W is the width of the inclined plate, d is the diameter of the
obstacle, and [...] represents a rounding symbol. Generally, the mini-
mum number of obstacle rows is determined by the pattern configura-
tion, the obstacle geometry, and the lateral shift of rotors. In addition,
we investigate the effect of the rotor number on the separating effi-
ciency. The random collision between rotors significantly increases with
the rotor number, which is obviously unfavorable to the separation.
However, we once again find the separation will be complete when the
number of obstacle rows is sufficient; that is, an excellent separating
efficiency can always be eventually obtained. The above experiments
suggest that the emergence of the separation phenomenon is very robust
when the rotors pass through the obstacle array.

3.2. Trajectory of a rotor after collision with an obstacle

If there are no obstacles on the inclined plate, a rotor will slide down
the plate in a nearly-straight trace, approximately parallel to the y di-
rection, as shown in Fig. 3 (a) where the center of the rotor is tracked.
However, provided that obstacles are present on the plate, the motion
behaviors of the rotors will be different. For example, when a counter-
clockwise rotor collides with an obstacle, even if the collisional position
is located at the right side of the obstacle (i.e., biased towards the +x
direction with respect to the central line of the obstacle), the rotor will
rotate against the obstacle and move to the opposite side of the obstacle
until it is detached from it, as illustrated in Fig. 3 (b). As the rotor col-
lides with next obstacle, the deflection in the lateral direction (—x di-
rection) often repeats, eventually resulting in a net lateral migration for
the rotor. In contrast, a clockwise rotor always tends to move towards
the +x direction after a collision, see Fig. 3 (c). If there are multiple rows
of obstacles on the plate, there will be an obvious lateral deflection in the
+x direction after multiple collisions of the rotor with obstacles. So, the
direction of the lateral drift depends on the chirality of rotation, as
shown in Fig. 3 (d).

3.3. Friction between a rotor and obstacle

It is experimentally observed that the inter-rotors collisions cause
some rotors to deviate from their original trajectories. However, if the
row number of obstacles is enough, those rotors will always return to the
direction they should deflect, showing that the inter-rotor collisions do
not qualitatively affect the separating results. This implies that the in-
teractions between the rotors and obstacles, instead of the interactions
between the rotors, causes the chiral separation.

Since the transverse migration of the rotor is a single-particle effect
and arises from the collisions of the spinning rotor with the obstacle, it
can be speculated that the friction coupling between the rotor and
obstacle play a key role. To see this, we change the friction coupling
between the rotor and obstacle. As rough sandpapers are pasted on side
surfaces of a rotor and obstacle (the coefficient of friction between them
is about 0.7), the trajectory of the rotor after a collision is consistent with
that in Fig. 3 (b) and (c). If the rough sandpaper is replaced by a smooth
Teflon tape (the coefficient of friction between them is about 0.1), most
rotors, whether clockwise or counterclockwise rotation, slide along the
collisional side of the obstacle and hardly move to the opposite side
(except when the collisional position is near the central line of the
obstacle). In this case, the lateral drift along the x direction is small or
negligible, as shown in Fig. 3 (e).

4. Theoretical model
As stated above, after a rotor collides with an obstacle, the coupling

of spin and friction between the obstacle and rotor, can cause the biased
lateral motion of the rotor in the x direction. One of the crucial
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Fig. 4. A close-up sketch showing the force and torque balance of a single
counterclockwise rotor at a critical angle 6,.

conditions for chiral separation is that the rotor can overcome the sliding
gravity and “climb” back to the biased direction to which it should
laterally move, even if the collisional position is at the opposite side of
the obstacle.

The experimental observation shows that there exists a critical
collisional position at the obstacle. If the collisional point is not beyond
the critical position, the rotor, clinging to the obstacle after collision, can
circle to the other side of the obstacle until it is detached from the
obstacle. However, if a rotor collides the area off the critical position, it
will not laterally migrate to the opposite side of the obstacle, but
continue to slide along the obstacle until it leaves the obstacle. Here, we
introduce a critical angle 6. to describe the critical collisional position,
where 0, is defined as an acute angle between the direction of the normal
force N exerted on the obstacle by the rotor, and the y direction on the
plate, as shown in Fig. 4 (a). Apparently, 0, is related to the motion
parameters of the rotor itself, the inclined angle of the plate, and the
frictional coefficient between the rotor and obstacle.

To clarify the underlying mechanism of the lateral drift of the rotor, a
simple theoretical model is constructed based on the experimental
observation that the rotor, against the obstacle after a collision, can
circle to the other side of the obstacle. Assuming that the motion of the
rotor against the obstacle is rolling without slipping, force and torque
balance conditions of the rotor hold and are established as follows (Note
that the following balance equations are only valid for the critical po-
sition).

mgsinasing, = uN + Eor 1

N = mgsinacosé, (2)
Torque balance shows,
M — uNr—nw =0 3

Where m is the mass of the rotor, & translational frictional coefficient
between the rotor and inclined plate, 7 rotational frictional coefficient
between the rotor and inclined plate, N normal force between the rotor
and obstacle, a the inclined angle of the plate, 6, the critical angle be-
tween the direction of the normal force N and the x direction on the
plate, ® angular velocity of the rotor, M the rotational torque of the
rotor, r the radius of the rotor, and y the frictional coefficient between
the rotor and obstacle. When writing down Egs. (1) and (3), we have
assumed that the maximum static friction between the rotor and
obstacle is equal to the sliding friction uN.

The critical angle 6, can be solved by combining Egs. (1)-(3),

m? — (Mkr)?
m (Mer + /m? + m?Q? — M?k*r? )

4

0. = arccos
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Fig. 5. Comparison of the critical angle obtained from experiment and theoretical calculation. The critical angle 6, as a function of (a) y with @ = 7%and (b) the

inclined angle a with 4 = 0.78.

Where Q =y — ukr?, m = mgsin a and k = f The parameters in Eq.
(4) are obtained from experimental measurements [14], with m =
20.95g, r=2.5cm. M = 2.2 x 107N - m, £ = 0.21kg/s and 5 = 2.48 x
10~*kg - m?/s. In experiments, four kinds of sandpapers with various
roughness are used to change the friction between the rotor and
obstacle, and the frictional coefficient y is 0.58 + 0.02, 0.69 + 0.02,
0.78 £ 0.02 and 0.89 + 0.03, respectively. In the experiment, the crit-
ical angle is determined as follows. Let one rotor slide down and collide
with an obstacle fixed on the plate, and measure the maximum angle
where the rotor can barely move from the collisional side to the opposite
side of the obstacle.

Fig. 5(a) shows that the critical angle 0. increases with frictional
coefficient y, when the inclined angle of the plate a is given. On the other
hand, for a fixed p, 6. drops with the increase of a, as plotted in Fig. 5 (b).
The theoretical results agree well with the experimental measurements.
The theoretical model, without any fitting parameter, properly re-
produces the critical angle, indicating that it correctly captures the
physical essence of the chiral separation of the rotor mixture. Never-
theless, the theoretical model is deterministic and does not account for
the stochasticity of the rotor motion, which can originate from the less-
than-perfect spin of a rotor due to asymmetry of two robots in the rotor,
imperfect collisions between rotors and obstacles, and random collisions
from other rotors. In addition, inelastic collisions between the rotor and
the obstacle seem important for the use of Egs. (1)-(3), otherwise the
rotor can bounce off and the balance equations will be invalid.

5. Conclusion

In summary, we experimentally realize chiral separation of a mixture
of disk-shaped active rotors by externally driving them through an
obstacle array. The separating efficiency will be complete when the row
number of the obstacle array is sufficient. We find that the spinning
direction of the rotor and its frictional interaction with the obstacles
determine the direction of lateral drift of the rotors, thus leading to
chiral separation. Furthermore, we put forward a simple theoretical
model, which captures the essential mechanism underlying the chiral
separation and properly reproduces the experimental data of the critical
collision angle, without free parameters.

The system for separating chiral rotors is structurally simple and easy
to operate. When the obstacle rows and friction between the rotor and
obstacle are appropriate, high-quality separation can be achieved.
Furthermore, this system also has the potential to be used to separate
objects with static chiral structures, provided that an external vibration
source or magnetic field can power the objects to rotate differently. In
addition, chiral rotors with different surface roughness can also be
separated according to this separation mechanism.
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