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Abstract
We perform a numerical investigation of the transport of the obstacle arrays 
driven by chiral active particles in a two-dimensional periodic channel with 
temperature difference. The obstacle arrays will move to left (right) only 
when the average velocity of counterclockwise (clockwise) particles is small. 
For chiral active particles, the direction of transport is completely determined 
by the chirality of particles. The average velocity of chiral active particles is 
a peaked function of angular velocity and initial temperature (or temperature 
difference). The average velocity of chiral active particles increases linearly 
with the self-propulsion speed, while it decreases monotonically with the 
increase of particle number. For obstacle arrays, behaviors of transport 
become complex, current reversals can be obtained by continuously changing 
the system parameters (angular velocity, initial temperature, temperature 
difference, self-propulsion speed and particle number).
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(Some figures may appear in colour only in the online journal)

1.  Introduction

Active matter has come under the spotlight of the physical and biophysical research com-
munities and has been studied theoretically and experimentally [1–13, 46]. Different from 
simple Brownian particles, whose motion is dominated by random thermal fluctuations, active 
particles, also known as microswimmers, are capable of directed motion. Active particles are 
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able to propel themselves, exhibiting an interplay between random fluctuations and active 
swimming that drives them into an out-of-equilibrium status [9]. In recent years, there has 
been a strong growth of research activities in respect of the chiral active matter which is a 
new species of active matter. Transport behaviors of chiral active matter will perform circu-
lar motion (in two dimensions) or helicoidal motion (in three dimensions) rather than swim 
along straight trajectories [40]. Chiral active particles are asymmetric and exhibit completely 
different behaviors with achiral particles under asymmetric conditions [14–20]. There are 
many researches on chiral microswimmers, such as Escherichia coli bacteria perform a 
characteristic chiral motion in the proximity of a surface [21–23], as well as sperm cells  
[24, 25], and magnetotactic bacteria in rotating external fields [26, 42]. Also, moving down to 
the nanoscale, molecular-sized chiral microswimmers can be obtained by chemically attach-
ing a chiral molecule with a chiral propeller, e.g. a flagellum [40]. Therefore, in-depth under-
standing of chiral active matter has fundamental and technological importance.

Recently, a growing number of studies have focused on the transport of particles in com-
plex and crowded environments. The interaction of active particles with obstacles within com-
plex environments plays a key role in a wealth of potential applications [27–37]. Chepizhko 
and coworker [27] considered a variant of the Vicsek model for self-propelled particles inter-
acting with a heterogeneous environment, which is modeled as a random distribution of either 
static or diffusive obstacles. Nourhani and coworker [28] studied the drift behavior of chiral 
self-propelling particles moving on a periodic potential, where they found that particles of dif-
ferent chirality can be separated. Kümmel and coworkers [29] studied the mixtures of active 
and passive particles. Schirmacher and coworkers [30] investigated magnetotransport with 
randomly distributed scatterers closing to the field-induced localization transition, which is 
generated by percolating skipping orbits along the edges of obstacle clusters. Pinçe and cow-
orkers [31] demonstrated that the presence of spatial disorder can alter the long-term dynam-
ics in a colloidal active matter system, making it switch between gathering and dispersal of 
individuals. Reichhardt and coworkers [32–34] studied the transport of particles in random or 
periodic obstacle arrays and funnel arrays.

Currently, studies of the interaction of active particles with obstacles mostly focus on the 
rectification or separation of particles. Obstacles are generally fixed, which can block or facili-
tate the transport of particles. However, in real systems, not only do obstacles drive parti-
cles, but particles can also drive obstacles. Moreover, chiral active particles can be driven by 
transversal temperature difference [38]. Therefore, it would be interesting to investigate how 
chiral active particles drive the obstacle arrays in the system with temperature difference. In 
this work, we study of the obstacle arrays are driven by the moving chiral active particles in 
a two-dimensional periodic channel with temperature difference. It is found that chiral active 
particles can drive the obstacle arrays to move along the channel and transport behaviors are 
different for particles and obstacle arrays. For chiral active particles, the transport direction 
of particles determined by its chirality. However, for the obstacle arrays, within particular 
parameter regimes obstacle arrays can travel in a direction which is opposite to the transport 
direction of particles.

2.  Model and methods

We consider na chiral active particles (blue disks) interacting with a periodic array of obstacles 
no (black disks) moving in a two-dimensional periodic channel with temperature difference in 
the y  direction as shown in figure 1. Chiral active particles are self-propelled with the veloc-
ity v0 and angular velocity Ω. Obstacles arrayed with the fixed distance can be driven by the 
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moving chiral active particles. Moreover, both particles and obstacles are modeled as soft 
disks with radius r. In the two-dimensional channel, periodic boundary conditions and sliding 
boundary conditions (θ is unchanged and the particle will remain adhere and cling to the wall 
until its orientation points away from it) are imposed in the x direction (the period Lx) and y  
direction (the height Ly ), respectively. The temperature at the lower wall (y   =  0) and the upper 
wall (y   =  Ly ) are set to T0 and T0 (1 +∆T), respectively. The dependence of the temperature 
on the y  is described as

T (y) = T0 + δT
y
Ly

= T0

(
1 +∆T

y
Ly

)
,� (1)

where T0 is the initial temperature of the lower wall. δT  and ∆T  are the absolute temperature 
difference and the relative temperature difference between the upper wall and the lower wall. 

Figure 1.  (a) Schematic of the obstacle arrays (black disks) are driven by the 
moving chiral active particles (blue disks) in a two-dimensional periodic channel 
with temperature difference in the y  direction. The temperature is set to T0 at y   =  0 
and T0 (1 +∆T) at y   =  Ly . Also, the temperature as a function of y  is described by 
equation (1). Periodic boundary conditions are imposed in the x direction and sliding 
boundary conditions in the y  direction. (b) Sketch of the trajectory for chiral active 
particle in the free uniform space. The counterclockwise (CCW) particles are positive 
Ωi  and the clockwise (CW) particles are negative Ωi .
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To remove the ambiguity, this equation should refer to the temperature of the particle cen-
ter of mass. As known, the position and the orientation of a microscopic particle undergoes 
Brownian diffusion with translational diffusion coefficient and rotational diffusion coefficient, 
respectively [9, 38].

DT (y) = µkBT0

(
1 +∆T

y
Ly

)
,� (2)

Dθ (y) = µrkBT0

(
1 +∆T

y
Ly

)
,� (3)

where kB is the Boltzmann constant, µ is the translational mobility and µr is the rotational 
mobility. Note that µ and µr are assumed to be independent.

The motion of chiral active particles can be modeled as the combined action of three 
different processes: random diffusion process, internal self-propelling force and torque 
[39, 40]. The coordinates of particle i can be described by the position ri ≡ (xi, yi) and it is 
oriented at an angle θi of the polar director n with the x axis, i.e. ni ≡ (cos θi, sin θi). The 
interaction forces acting on particle i from the other particles and obstacles are defined as 
Fi = Fx

i ex + Fy
i ey =

∑
Fij and Gi = Gx

i ex + Gy
i ey =

∑
Gij, respectively. For a chiral active 

particle, due to the torque acting on the particle, θ rotates with angular velocity Ω. This reori-
entation of the particle will translate into a rotation around an effective external axis when 
the self-propulsion speed v0 > 0. It is assumed that the torque of the temperature gradient is 
ignored. In the most general case, the dynamics of active particle i can be described by the fol-
lowing Langevin equations (assuming overdamped dynamics and neglecting hydrodynamics 
interactions) [38, 41–43],

dxi

dt
= v0 cos θi + µ (Fx

i + Gx
i ) +

√
2DT(yi)ξ

x
i (t) ,� (4)

dyi

dt
= v0 sin θi + µ (Fy

i + Gy
i ) +

√
2DT(yi)ξ

y
i (t) ,� (5)

dθi

dt
= Ωi +

√
2Dθ(yi)ξ

θ
i (t) ,� (6)

where v0 is the self-propulsion speed of particles and Ωi  is the angular velocity. The Ωi  deter-
mines the chirality of chiral active particles. We formulate that positive Ωi  denotes the counter
clockwise (CCW) particles and negative Ωi  denotes the clockwise (CW) particles. ξx

i (t), ξ
y
i (t), 

and ξθi (t) represent unit-variance Gaussian white noises with zero mean. For convenience, we 

scale all variables by the characteristic length 2r and time τ = 1
µk .

The particle-particle interaction force Fij and particle-obstacle interaction force Gij are 
modeled as a shot-range repulsion between disks of radius r, Fij = k (2r − rij) r̂ij for (rij < 2r) 
and Fij = 0 otherwise. Gij = k1 (2r − rij) r̂ij foe (rij < 2r) and Gij = 0 otherwise, with k and 
k1 being the elastic constants. rij = |ri − rj| is the distance between the center of disk i and 
disk j  and r̂ij = (ri − rj) /rij .

In this paper, behaviors of the quantities of interest can be verified by Brownian dynamic 
simulations performed by integration of the Langevin equations  (4)–(6) using the second-
order stochastic Runge–Kutta algorithm. The motions of the particles and obstacle arrays are 
along the x direction due to the particles and obstacle arrays are confined along the y  direction. 
So we only calculate the x direction average velocity. The average velocity of particles and 
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obstacle arrays along the x direction in the asymptotic long-time regime can be obtained from 
these formulas, respectively.

Va =
1
na

∑n

i=no+1
limt→∞

〈xai(t)− xai(0)〉
t

,� (7)

Vo =
1
no

∑no

i=1
limt→∞

〈xoi(t)− xoi(0)〉
t

,� (8)

where n = no + na is the total number of disks.

3.  Results and discussion

In the model, we consider the sliding boundary conditions, which the angle θ is unchanged 
when particles meet the wall. The particle position is initialized within the channel with a 
uniform random distribution and orientation is random over the interval [0, 2π]. The integra-
tion step time (dt) was chosen to be smaller than 10−3 and the total integration time was more 
than 105. In order to avoid abnormal behaviors in the numerical simulation, we should use a 
large value of k  =  k1 (= 100) as well as ensure that v0dt � 2r. Therefore, particle-obstacle 
overlaps will decay rapidly and particle cannot move through the obstacles. Unless otherwise 
noted, our results are under the parameter sets: na  =  64, no  =  36, r  =  0.5, Lx = Ly = 25.0, 
k  =  k1  =  100.0, kB = 1.0, µ = 1.0, and µr = 3.0.

We mainly focus on the transport behaviors of the obstacle arrays are driven by chiral active 
particles. Firstly, we should consider the transport behaviors of chiral active particles. In a 
uniform free space, chiral active particles move in a circular trajectory (shown in figure 1(b)). 
However, chiral active particles exhibit different behaviors under asymmetric conditions (such 
as temperature difference), the circular trajectory will be destroyed as shown in figure 3(b). In 
figure 3, we present a schematic of the obstacle arrays being driven by the CCW particles. It 
takes t1 (t2) for the particles to move along the upper (lower) trajectory from B (A) to A (B). 
For ease of understanding, we define the time difference between particles moving along the 
upper part and the lower part of trajectory ∆t = t1 − t2. The particles on average move to the 
positive x direction (Va > 0) for ∆t > 0 and the negative x direction (Va < 0) for ∆t < 0. But 
for the obstacle arrays, its behavior is complicated and needs to take more factors into account.

In figure 2(a), we plot the average velocity V  as a function of |Ω| for both CCW particles 
and CW particles. It is shown that the transport direction of CCW particles is exactly opposite 
to CW particles. This indicates that the transport direction of particles is determined by the 
chirality of the particles. When |Ω| → 0, the chirality of particles disappears and the directed 
transport no longer occurs, thus Va → 0. When |Ω| → ∞, the angle θ of the particles changes 
very fast and almost in situ rotation, so Va tends to zero. Therefore, there is an optimal value 
of |Ω| at which Va takes its maximal value. Due to the obstacle arrays are driven by particles, 
in general, the transport behavior of obstacle arrays is similar to particles and the velocity is 
numerically smaller than particles. Moreover, figure 2(b) shows The position of the center of 
mass of the obstacle arrays xc versus the computation time t for different Ω. The position of 
the center of mass xc increases linearly with the computation time t. Obviously, the obstacle 
arrays are indeed under transportation and the transport direction of CCW particles is com-
pletely opposite to that of the CW particles, so we only consider CCW particles (Ω > 0) in 
the following discussion.

We present a sketch that explains how obstacle arrays are driven by CCW particles in fig-
ure 3. Firstly, it is assumed that there are no obstacle arrays. In a uniform free space, chiral 
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active particles move in a circular trajectory and the radius of the trajectory is approximately 
v0/ |Ω| (shown in figure 3(a)). But in the presence of a temperature difference, the circular 
trajectory was broken in the channel as shown in figure 3(b) and the trajectory of the chiral 
active particles close to the upper wall is more random than near the lower wall. Because of 
the high temperature of the upper wall will destroy the directional transport of the particles. 
So the upper part of the trajectory is longer and more random than the lower part of the trajec-
tory. The motion time along the lower part (from A to B) is shorter than along the upper part 
(from B to A) of trajectory, thus CCW particles on average move to the positive x direction 
(Va > 0). Similarly, CW particles on average move to the negative x direction (Va < 0). If 
there is the array of obstacles in channel, the particles will generate a driving force in the left 
and right directions of the obstacle: (a) Chiral active particles moving along the upper part 
of trajectory will collide with the obstacle arrays and drive it to the left. (b) Particles moving 
along the lower part of trajectory will drive the array of obstacles to the right (see figure 3(b)). 
The transport direction of obstacle arrays is the result of the above two factors competing with 
each other. It is worth noting that the temperature of the upper wall is higher than that of the 

Figure 2.  (a) Average velocity of chiral active particles and the obstacle arrays V  versus 
the magnitude of angular velocity |Ω| for both CCW particles and CW particles. The 
other simulation parameter are v0 = 2.0, ∆T = 5.0 and T0  =  0.003. (b) The position of 
the center of mass of the obstacle arrays xc versus the computation time t for different 
angular velocity Ω. The other simulation parameter are v0 = 2.0, ∆T = 5.0 and 
T0  =  0.003.

Figure 3.  The illustrative sketches for motion of CCW particles that are driving 
obstacle arrays. (a) Circular trajectory of a CCW particle in the free unform space. (b) 
Obstacles driven by CCW particles with closed random trajectories in a channel with a 
temperature difference.

F-H Meng et alJ. Phys. A: Math. Theor. 53 (2020) 095005
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lower wall, so that the thermal motion of the particles near the upper wall is more intense. 
When the size of the close trajectory (v0/ |Ω|) is large enough, CCW particles will drive the 
array of obstacles to the right (Vo > 0). When v0/ |Ω| is small, the difference between the 
upper part and lower part of the trajectory becomes inconspicuous (∆t → 0). Therefore, the 
directed transport of CCW particles to the right is attenuated. The obstacle arrays move to the 
negative x direction (Vo < 0) due to the collisions between the particles near the upper wall 
are more intense.

Figure 4 shown the dependence of the average velocity of particles Va and average veloc-
ity of obstacle arrays Vo on Ω for different values of T0 at ∆T = 5.0. Similar to the figure 2, 
both Va and Vo tend to zero when Ω → 0 or Ω → ∞, there is an optimal Ω at which the 
amplitude of V  is maximal. However, for different parameters, transport behaviors of obstacle 
arrays become complex for intermediate Ω. When T0 is large (e.g. T0  =  0.03), Vo is always 
positive. When T0 is small (e.g. T0  =  0.003), Vo is positive for small Ω and negative for large 
Ω as shown in figure 4(b). Current reversal can be observed for small T0 which is different 
from particles. This situation can be explained as follows. For large T0, the average temper

ature (T0 +
δT
2 = T0

(
1 + ∆T

2

)
) is high. Both translational diffusion and rotational diffusion 

are large, so the directed transport becomes more random. Thus maximal values of Va and Vo 
become smaller. The position of the peak on the curves shifts to larger Ω with the increasing 

of T0. For small T0 and small Ω, the average temperature (T0
(
1 + ∆T

2

)
) is low and the size of 

the close trajectory (v0/Ω) is large, the self-propulsion of particles dominates the transport, 
so maximal values of Va and Vo are more larger and the transport direction is positive. For 
small T0 and large Ω, the size of the close trajectory (v0/Ω) decreases, the difference between 
the upper part and lower part of the trajectory becomes smaller. Thus Vo reverses its direction 
(Vo < 0).

The average velocity Va and Vo as a function of Ω for different ∆T  at T0  =  0.003 is shown 
in figure 5. For different value of ∆T , Va is always positive. But Vo can change its direction 
and the amplitude of negative Vo is maximal for intermediate ∆T . The position of the positive 
peak on the curves shifts to large Ω with the increasing of ∆T . This can be explained as fol-
lows. When the value of Ω increases, the size of the close trajectory (v0/Ω) decrease, which 
can reduce the difference between the upper part and lower part of the trajectory. Current 

Figure 4.  (a) Average velocity of chiral active particles Va as a function of angular 
velocity Ω for different T0. (b) Average velocity of the obstacle arrays Vo as a function 
of angular velocity Ω for different T0. Other simulation parameters are v0 = 2.0 and 
∆T = 5.0.
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reversal occurs for the effect of particles driving the obstacle arrays to the left is stronger 
than the effect of driving to the right, Vo < 0. For small ∆T  (e.g. ∆T = 1.0) and large Ω, the 
temperature difference between the particles moving along the upper half of the trajectory and 
those moving along the lower half of the trajectory is small. Thus the amplitude of negative 
Vo is small. For intermediate ∆T  (e.g. ∆T = 5.0) and large Ω, the effect of particles driving 
the obstacle arrays to the left increases. Therefore, the amplitude of negative Vo is large. For 
large ∆T  (e.g. ∆T = 25.0) and large Ω, the rectified transport of particles is more prominent, 
the effect of particles driving the obstacle arrays to the right is stronger, so the amplitude of 
negative Vo decrease. Similar to figure 2, Va and Vo tend to zero when Ω → 0 or Ω → ∞.

Figure 6 shows the average velocity Va and Vo as a function of T0 for different Ω at 
∆T = 5.0. It is found that the average velocity Va and Vo are a peaked function of initial 
temperature T0. When T0 → 0, translational diffusion (DT), rotational diffusion (Dθ) and the 

average temperature (T0
(
1 + ∆T

2

)
) are almost zero, the directed transport of chiral active 

particles almost disappears, so Va and Vo tend to zero. When T0 → ∞, the average temper
ature (T0

(
1 + ∆T

2

)
) is very high, the directional trajectories of particles become randomized, 

the self-propulsion of particles can be ignored because of DT and Dθ are much larger than v0 
and Ω, respectively. Thus no directed transport occurs, Va and Vo tends to zero. Therefore, 
there exist the optimal T0 at which Va and Vo are maximal. When Ω is small, Va and Vo are 
always positive. For large Ω, Vo is negative for small T0 and positive for large T0. This can 
be explained as follows. For small value of Ω (e.g. Ω = 0.03), the size of the close trajectory 
(v0/Ω) is large, so Va and Vo are positive and the maximal values of Va and Vo are larger (the 
time difference between particles moving along the upper part and the lower part of trajectory 
(∆t) is larger). For large Ω (e.g. Ω = 0.3) and small T0, similar to the case of the figure 4(b), 
the effect of particles driving the obstacle arrays to the left is stronger than the effect of driving 
to the right, thus Vo < 0. As increasing T0, the effect of particles driving the obstacle arrays 
to the right increases until T0 is optimal. Therefore, Vo will reverse its direction to its positive 
maximal value.

Figure 7 shows the average velocity Va and Vo as a function of T0 for different ∆T  at 
Ω = 0.3. Similar to figure 6, Va and Vo tend to zero when T0 → 0 or T0 → ∞. For all different 
∆T , we can always change the direction of Vo by continuously changing T0. The position of 

Figure 5.  (a) The dependence of average velocity of chiral active particles Va on 
angular velocity Ω for different ∆T . (b) The dependence of average velocity of the 
obstacle arrays Vo on angular velocity Ω for different ∆T . Other simulation parameters 
are v0 = 2.0 and T0  =  0.003.
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the peak on the curves shifts to small T0 and the maximal amplitude of negative Vo increase 
with the increasing of ∆T . Moreover, Vo is negative for small T0 (the effect of particles driving 
the obstacle arrays to the left is stronger). This can be explained as follows. When ∆T  is large 
(e.g. ∆T = 25.0), the rectified transport is more prominent, the effect of particles driving the 
obstacle arrays to the right becomes stronger, so the maximal values of Va and Vo are larger 
and the critical for the current reversal decreases with the increasing of ∆T  (see figure 7(b)). 
Moreover, the temperature is higher close to the upper wall, and the thermal movement of 
particles moving along the upper part of the trajectory is more intense, thus the maximal 
amplitude of negative Vo is larger. As increasing T0, Vo reverses its direction and finally tends 
to zero.

The dependence of the average velocity Va and Vo on the temperature difference ∆T  for 
different Ω is plotted in figure 8 at T0  =  0.003. When ∆T → 0, the channel is uniform, there 
is no asymmetry, thus rectified transport of chiral active particles disappears, Va and Vo tend 

Figure 6.  (a) Average velocity of chiral active particles Va versus the initial temperature 
T0 of the lower wall for different Ω. (b) Average velocity of the obstacle arrays Vo versus 
the initial temperature T0 of the lower wall for different Ω. Other simulation parameters 
are v0 = 2.0 and ∆T = 5.0.

Figure 7.  (a) Average velocity of chiral active particles Va as a function of the initial 
temperature T0 of the lower wall for different ∆T . (b) Average velocity of the obstacle 
arrays Vo as a function of the initial temperature T0 of the lower wall for different ∆T . 
Other simulation parameters are v0 = 2.0 and Ω = 0.3.
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to zero. When ∆T → ∞, the average temperature (T0
(
1 + ∆T

2

)
) is very high, the self-propul-

sion and the chirality of particles can be negligible (DT (y) � v0 and Dθ (y) � Ω), stochastic 
motion becomes dominant, so Va and Vo tend to zero. Therefore, there are optimal values of 
∆T  at which Va and Vo take their maximal values. For small Ω, Va and Vo are always positive. 
For large Ω, Vo is negative for small ∆T  and positive for large ∆T . This can be explained as 
follows. Similar to the case of figure 6, when Ω is small (e.g. Ω = 0.03), the size of the close 
trajectory is large, thus Va and Vo are positive. When Ω is large (e.g. Ω = 0.3) and ∆T  is small, 
the size of the close trajectory is small, the effect of particles driving the obstacle arrays to 
the left is stronger than the effect of driving to the right, thus Vo < 0. As increasing ∆T , the 
rectified transport from the temperature difference is more prominent, current reversal occurs, 
Vo changes its direction to its positive maximal value as shown in figure 8(b).

The average velocity Va and Vo as a function of the temperature difference ∆T  for different 
T0 is described in figure 9 at Ω = 0.3. Similar to the case of figure 8, Va and Vo tend to zero 
when ∆T → 0 or ∆T → ∞. For large value of T0 (e.g. T0  =  0.03), Va and Vo are always posi-
tive. When T0 is small (e.g. T0  =  0.003), as increasing ∆T  from zero, Vo first increases to its 
negative maximal value, then reverses its direction to its positive maximal value, and finally 
goes to zero. Thus for small T0, we can obtain current reversals by changing ∆T . Compared 
with figure 7(b), it is found that, for larger ∆T , we need smaller T0 to achieve current reversals 
in the case of other simulation parameters remain unchanged.

The average velocity V  as a function of v0 for chiral active particles and obstacle arrays 
is shown in figure 10. An increase of the self-propulsion speed v0 can cause three results: (a) 
Accelerate particle motion to promote directed transport of particles, (b) enhancing the abil-
ity of particles to drive the obstacle arrays and (c) increasing the size of the closed trajectory 
(v0/Ω). Thus an increase of v0 always facilitates the directed transport of particles. However, 
for small value of v0 the obstacle arrays will move to the left (Vo < 0). Moreover, for large 
v0 the average velocity of obstacle arrays will be larger than the average velocity of particles. 
This can be explained as follows. When v0 is small, the size of the closed trajectory (v0/Ω) is 
small, the effect of particles driving the obstacle arrays to the left is stronger than the effect of 
driving to the right, thus Vo < 0. As increasing v0, the difference between the upper part and 
lower part of the trajectory will increase, current reversals occur, so Vo > 0. For large v0, the 

Figure 8.  (a) Average velocity of chiral active particles Va versus the temperature 
difference ∆T  for different Ω. (b) Average velocity of the obstacle arrays Vo versus the 
temperature difference ∆T  for different Ω. Other simulation parameters are v0 = 2.0 
and T0  =  0.003.
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11

size of the closed trajectory is large, so rectified transport of particles is prominent. However, 
the array of obstacles is a whole, so the effect of particles driving the obstacle arrays will make 
Vo > Va. Then the average velocity V  increases linearly with self-propulsion speed v0.

The dependence of the average velocity V  on the number of chiral active particles na is pre-
sented in figure 11. An increase of the numbers of active particles na can cause two results: (a) 
reducing the mobility of particles and (b) increasing the strength of interactions between par-
ticles. Therefore, the increase of the particle number na always prevents the directed motion 
of particles and Va is always positive and its amplitude decreases monotonically with the 
increase of na. However, the transport behaviors become complex for obstacle arrays. When 
the value of na is small (e.g. na  <  100), the effect of particles driving the obstacle arrays 
enhances for increasing na, so Vo is negative and its amplitude increases to the valley on 

Figure 9.  (a) Average velocity of chiral active particles Va versus the temperature 
difference ∆T  for different T0. (b) Average velocity of the obstacle arrays Vo versus the 
temperature difference ∆T  for different T0. Other simulation parameters are v0 = 2.0 
and Ω = 0.3.

Figure 10.  The dependence of the average velocity V  on the self-propulsion speed v0 
for chiral active particles (Va) and obstacle arrays (Vo). Other simulation parameters are 
Ω = 0.3, ∆T = 5.0 and T0  =  0.003.
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the curve. Continue to increase na, the mobility of particles reduces, the channel becomes 
crowded, thus the amplitude of Vo gradually decreases, then Vo changes its direction. When 
na is large (e.g. na  >  300), particles almost fill the channel, finally Vo will be greater than Va.

The average velocity V  as a function of the ratios of counterclockwise to clockwise parti-
cles φ is shown in figure 12. The ratios of CCW to CW particles φ is described as

φ =
nCCW

nCW
,� (9)

where nCCW and nCW  are the number of CCW and CW particles, respectively. Obviously, 
when the number of the CCW particles is the same as the number of CW particles, V  tends to 
zero. It shows that the transport behavior of CCW and CW particles is completely opposite. 
According to the previous analysis (see figure  4(b) or 5(b)), when Ω = 0.03, the obstacle 

Figure 11.  Average velocity V  versus the particle number na for chiral active particles 
(Va) and obstacle arrays (Vo). Other simulation parameters are v0 = 2.0, Ω = 0.3, 
∆T = 5.0 and T0  =  0.003.

Figure 12.  Average velocities of chiral active particles (Va) and obstacle arrays (Vo) 
versus the ratios of counterclockwise to clockwise particles φ for (a) Ω = 0.03, (b) 
Ω = 0.3. Other simulation parameters are v0 = 2.0, ∆T = 5.0 and T0  =  0.003.
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arrays move to the positive x direction. So average velocity of obstacle arrays Vo goes from 
negative to positive for increasing nCCW (see figure 12(a)). Conversely, the obstacle arrays 
move to the negative x direction when Ω = 0.3.

4.  Concluding remarks

In this paper, we have numerically studied the obstacle arrays driven by the moving chi-
ral active particles in a two-dimensional periodic channel with temperature difference. It is 
found that chiral active particles can drive the obstacle arrays to move along the channel with 
temperature difference. The transport direction of active particles is completely determined by 
its chirality and the direction of obstacle arrays depends on the competition of multiple system 
parameters. The average velocity of chiral active particles is a peaked function of the Ω (or T0, 
∆T ). The average velocity of chiral active particles increases monotonically with the self-pro-
pulsion speed and decreases monotonically with the increase of particle number. Moreover, 
there is an optimal value of Ω (or T0, ∆T ) at which the amplitude of the average velocity of 
the obstacle arrays is maximal. However, for small value of T0, the average velocity of the 
obstacle arrays is negative for large Ω and small ∆T . For large value of Ω, the average veloc-
ity of the obstacle arrays is negative for small T0 (or ∆T ) and positive for large T0 (or ∆T ). 
There is a competitive relationship between T0 and ∆T  on the transport direction of obstacle 
arrays. In order to obtain current reversals, a smaller T0 is required if ∆T  is larger. The average 
velocity of the obstacle arrays is negative for small v0 and then increases monotonically with 
the increase of v0. Therefore, we can control the transport direction of the obstacle arrays by 
changing the simulation parameters (Ω, T0, ∆T  and v0). The average velocity of the obstacle 
arrays is negative for small na and there are a valley and a peak on the curve.

The problem of rectifying motion in non-equilibrium environment is a longstanding issue. 
Our study suggests the possibility to control transport of the obstacle arrays in asymmetry 
environments by tuning the parameters of particles in the system. We expect that our results 
can be generalized to irregular obstacle arrays. In addition, our results should also be relevant 
to the non-biological chiral active spinners including rotating colloidal systems, granular 
media and even skyrmions [44–52]. In principle our results could be readily applied to these 
systems as well.
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