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Effective transport of passive particles induced by chiral-active
particles in microchannel∗
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Transport of passive particles induced by chiral-active particles in microchannel is investigated by using the over-
damped Langevin dynamics simulation in a two-dimensional model system. Due to the chirality of active particles and
special structure of microchannel, effective ratchet transport of passive particles is achieved. Effective transport of passive
particles depends on the width of microchannel (d), the density (ρ), and the angular velocity (ω) of chiral-active particles.
There exist optimal parameters for d and ω at which the transport efficiency for passive particles takes its maximal value.
This investigation can help us understand the necessity of active motion for living systems to maintain a number of vital
processes such as materials transport inside cells and the foraging dynamics of mobile organisms.
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1. Introduction
The transport of particles confined in a narrow channel

has attracted considerable attention because of its importance
in many processes, from chemistry, physical and biological to
complex systems.[1,2] Active particles are small scale mate-
rials capable of producing enhanced motion with fluid envi-
ronments, and assumed to have an internal propulsion mecha-
nism, which can use energy from an external source and trans-
form them under non-equilibrium conditions into the directed
motion. In the biological realm, many cells perform active
Brownian motion, for example, microorganisms like bacteria,
sperm cells or other eukaryotic cells employ various strate-
gies to generate directed motion in a fluid environment.[3,4]

Since active particles can transport without external drives,
they can be used as a “nanorobot” for applications in the
medical sciences and nanotechnology. Therefore, there has
been a growing interest in understanding self-propulsion.[5,6]

Actually, self-propulsion is the ability of most living organ-
isms to move in the absence of external drives by means
of an internal “engine” of their own. Compared with pas-
sive particles, active particles moving in confined structures
could exhibit special behaviors, resulting for example in col-
lective motion in complex systems,[7] accumulating of par-
ticles in the proximity of the wall, trapping of particles in
microwedge,[8] spontaneous rectified transport,[5,6,9–16] width
of particles based on their swimming properties,[17–22] spi-
ral vortex formation in the circular confinement,[23] depletion
of elongated particles from low-shear regions,[24] upstream
swimming in microchannel with capillary flow,[25,26] net par-

ticle flux in static potentials,[27] and the other interesting trans-
port phenomena.[28–33]

There also has been increasing interest in theoretical work
on the rectification of active particles.[5,6,11,12] The rectifi-
cation phenomenon of overdamped swimming bacteria was
theoretically observed in a system with an array of asym-
metric barriers.[5] A well known rectification theorem states
that the asymmetry can only emerge if spatial symmetry
breaking is accompanied by time-reversal asymmetry in the
trajectories.[34] Ghosh et al. studied the transport of Janus par-
ticles in a compartmentalized channel and found that the recti-
fication can be orders of magnitude stronger than that for ordi-
nary thermal potential ratchets.[5,6] Angelani et al.[11] studied
Brownian motions of the run-and-tumble particles in periodic
potentials and found that the asymmetric potential can pro-
duce a net drift speed.[11] Potosky et al. found that the spatially
modulated self-propelled velocity can drive the directed trans-
port of particles.[27] Huang et al. found that the reaction rate
of the catalytic motor reaction decreases in a crowed medium
as the volume fraction of obstacles increases as a result of a
reduction in the Smoluchowski diffusion-controlled reaction
rate coefficient that contributes to the overall reaction rate.[35]

While some ability to transport materials within a fluid envi-
ronment is provided by Brownian motion and osmotic effects,
in many cases these phenomena do not display the required
speed or directionality, especially for passive particles. In this
paper, a novel microchannel with short cantboards arrayed in
the middle of the channel is built, and we numerically study
the transport of passive particles in this specific microchannel,

∗Project supported by the National Natural Science Foundation of China (Grant Nos. 21374102, 21674096, and 21674082).
†Corresponding author. E-mail: lxzhang@zju.edu.cn
© 2017 Chinese Physical Society and IOP Publishing Ltd http://iopscience.iop.org/cpb　　　http://cpb.iphy.ac.cn

080702-1

http://dx.doi.org/10.1088/1674-1056/26/8/080702
mailto:lxzhang@zju.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn


Chin. Phys. B Vol. 26, No. 8 (2017) 080702

where the big passive particles are immersed in the ‘sea’ of
chiral-active particles. Our aim is to study the effective trans-
port of passive particles induced by chiral-active particles in
the microchannel, and this investigation can provide insight
into out-of-equilibrium transport of passive particles in the mi-
crochannel.

2. Model and methods
The passive and chiral active particles are mixed in a

two-dimensional channel with periodic boundary conditions
in the y direction (L) and hard walls in the x direction (see
Fig. 1). The small red and the big blue balls denote chiral-
active and passive particles, respectively, and the distance be-
tween two walls is d. Short cantboards with an inclination
angle 45◦ are regularly arrayed in the middle of the rectan-
gle microchannel, and the distance along y direction between
two adjacent cantboards is d0 = 2.0σ . Here σ is the diam-
eter of chiral-active particles. The overdamped dynamics is
governed by Langevin equations for the position ri of the cen-
ter of the i-th particle and the orientation θ i of the polar axis
ui ≡ (cosθi,sinθi)

[21,22,34,36]

∂iri =V 0
i 𝑢i +µ ∑

j 6=i
𝐹i j +

√
2D0𝜉

T
i (t), (1)

∂iθi = ω +
√

2Dθ ξi(t), (2)

where µ is the mobility (i.e., µ = 1/γ , and γ is the friction
coefficient)[22] and V 0

i is the self-propulsion speed (V 0
i = V0

for chiral active particles and V 0
i = 0 for the passive particles).

ξi(t) and ξ T
i (t) are Gaussian white noise with zero mean and

correlations 〈ξiα(t)ξ T
jβ (s)〉= δi jδαβ δ (t− s) (α , β = x,y) and

〈ξi(t)ξ T
j (s)〉 = δi jδ (t − s)〈· · · 〉 denotes an ensemble average

over the distribution of noise and δ the Dirac delta function.
D0 and Dθ denote the translational and rotational diffusion co-
efficients, respectively. ω is the angular velocity, and the force
Fi j between particles i and j is assumed to be of the linear
spring form with the stiffness constant 𝑘: Fi j = k(ai+a j−ri j)

for ai + a j > ri j and Fi j = 0 otherwise.[22] There is no angu-
lar and translation velocity of passive particles. Here ai is the
radius of particle i. The diameters of chiral active and passive
particles are σ and 3.0σ , respectively. The packing fraction
is defined approximately as the ratio between the area occu-
pied by chiral active particles and the total available area, i.e.,
ρ = (0.25 ∗N1σ2 + 2.25 ∗N2σ2)/(L ∗D− 80σ2), where N1

and N2 is the number of chiral-active and passive particles, re-
spectively, and 80σ2 is the area accounted for the cantboards.
Owing to the particles being confined in the x direction, the y
direction average velocity is considered here. The average ve-
locity along the y direction in the asymptotic long-time regime
can be calculated by the formula

Vy = 〈 lim
t→∞

[y(t)− y(0)]/t〉, (3)

and the scale average velocity is calculated by V = Vy/V0

for convenience. Here 〈· · · 〉 is averaged over all chiral-active
particles (or passive particles) and all conformations. Re-
duced units (σ = 1 and 1/(µk) = 1 are chosen to be the units
of length and time) are used. In our simulations, equations
of motion are integrated with the second-order Runge–Kutta
method. The time step is chosen to be ∆t = 0.001, and the total
integration time is more than 8×106. The chiral-active parti-
cles perform the counterclockwise motion with ω > 0, and the
parameters are chosen to be D0 = Dθ = 5× 10−3, L = 80.0,
and V0 = 0.5.[22,33]

d

L

y

x

d0

45O

Fig. 1. (color online) A schematic diagram of chirality-power motor
in a microchannel. Short cantboards are regularly arrayed in the mid-
dle of the microchannel. Periodic boundary conditions are imposed in
the y direction, and the distance between two walls is d. The small red
and the big blue balls denote active particles and the passive particles,
respectively.

3. Results and discussion
We assume that the microchannel walls are perfectly re-

flecting and the particle–wall collisions are elastic.[34,35,37] In
fact, for chiral-active particles, the ratchet setup demands three
key ingredients which are (i) nonlinearity, (ii) asymmetry, and
(iii) fluctuating input force of zero mean.[22,34] The ratchet
phenomena for active particles have been investigated for a
long time, and these phenomena have been understood well.
However, the investigation on the ratchet transport for passive
particles is rare.[22] In fact, how to transport the passive parti-
cles effectively is an interesting issue because there are wide
applications such as the drug-delivery in cells and gene ther-
apy in bioremediation.[20,22]

Figure 2 shows the scale average velocity V as a func-
tion of the distance of two hard walls d for two densities of
ρ = 0.1 and 0.2 with ω = 0.05. For chiral-active particles
(denoted by the black lines), V is zero for all the values of d,
and this means that no transport in a given direction occurs
and only the Brownian motions are observed for chiral-active
particles. Comparatively, for passive particles, the curves of
the scale average velocity V for left and right passive particles
are symmetrical, V is negative for left passive particles and
positive for right passive ones, and the absolute value of V
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is almost the same. Here left passive particles mean that the
particles are located at the left microchannel, see Fig. 1. When
d increases, V increases gradually from 0.048 at d = 12 to
0.107 at d = 24, followed by a decrease to V ≈ 0 at d = 100
for ρ = 0.1. Similarly, for ρ = 0.2, V increases from 0.11
at d = 12 to 0.17 at d = 20, and then decreases to V ≈ 0
at d = 100. Therefore, the transport of passive particles de-
pends on the width of microchannel, and the suitable width
for microchannel can induce passive particles to transport
more quickly (see supplementary Video S1 and S2). In our
model, microchannel is symmetry for chiral-active particles
because the distance between two adjacent short cantboards
(d0 = 2.0σ) is greater than the diameter of chiral-active par-
ticles (σ), and active particles can pass through cantboards
easily, therefore, the holonomic circular motions for active
particles can be carried out, the scale average velocity V is
close to zero and there is no transport velocity for chiral-active
particles. However, for passive particles, since the distance
between two adjacent short cantboards (d0 = 2.0σ ) is less
than the diameter of passive particles (3σ) and they can-
not pass through cantboards, the symmetry of microchannel
is destroyed, especially for small d, therefore, the effective
transport for passive particles is observed. In fact, the ra-
dius of circular trajectory for chiral-active particles depends
mainly on ω . In a wide microchannel, such as d = 100,
chiral-active particles can perform several holonomic circular
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Fig. 2. (color online) Average scale velocity V of passive and active par-
ticles as a function of d for different number densities of active particles
(a) ρ = 0.1 and (b) ρ = 0.2 with ω = 0.05.

motions, and asymmetry structures of microchannel for pas-
sive particles disappear gradually; this leads to a decrease of
scale average velocity V for large d. For the passive particles,
when the passive particles are immersed in the ‘sea’ of active
particles, the interactions from active particles can break the
thermodynamical equilibrium and make the passive particles
move directionally.[22]

In Fig. 3 we present the scale average velocity V of pas-
sive and chiral-active particles as a function of the packing
fraction ρ . Here, the distance between two hard walls is set
to be d = 20 and the angular velocity is ω = 0.05. For chiral-
active particles, the scale average velocity V is independent of
the packing fraction ρ and is close nearly to zero. However,
for passive particles, it increases with the increase of ρ for
small packing fractions and then keeps unchanged for ρ > 0.7.
When the packing fraction ρ is small enough, the interactions
between active particles result in an activating motion in an
analogy with the thermal noise activated motion for a sin-
gle stochastically driven ratchet, which dominates the directed
transport, so the average velocity V increases with the packing
fraction ρ increasing. However, when the packing faction in-
creases to large enough, the interactions between chiral-active
particles cause the reduction of self-propelled driving, which
impedes the ratchet transport, thus the average velocity V in-
creases more and more slowly.
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Fig. 3. (color online) Average scale velocity V of passive and active
particles as a function of density ρ of active particles with ω = 0.05
and d = 20.

In order to explain the transport mechanism of passive
particles induced by active particles in the microchannel in
more detail, we calculate the average impulse of passive par-
ticles suffered from the collision of chiral-active particles,
which is defined as

I = F×∆t, (4)

where F is the total force acted by chiral-active particles and
∆t is time step, i.e. ∆t = 0.001. As the impulse acted by the
collision of chiral-active particles depends on the position of
the collision between passive and chiral-active particles, we
calculate the average impulse I with different angle θ . The
definition of the angle θ is shown in the inset of Fig. 4, and
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the passive particles are fixed to be at d/4 from the left wall.
In fact, the structure of microchannel affects the transport be-
havior of passive particles seriously, and the cantboards in the
middle position of microchannel destroy the symmetry of mi-
crochannel for passive particles. Figure 4 shows the average
impulse I of different angle θ for passive particle at the same
relative position in the microchannel with three different cases.
For the case of the width microchannel of d = 100 with cant-
board, the passive particles suffer the left–right symmetrical
impulse from the collision of active particles, and this left–
right symmetrical impulse cannot cause effective transport for
passive particles (see Fig. 2). For the case of the narrow mi-
crochannel of d = 20 without cantboard, the passive particles
also suffer the uniform impulse from the collision of active
particles, the passive particles always keep random motions in
the narrow microchannel, and the averaged velocity is close to
zero (i.e., V ≈ 0). However, for the case of narrow microchan-
nel (d = 20) with cantboard, the passive particles suffer uneven
impulse form collision of active particles, and the maximum
value of the impulse is located at θ ≈ 90◦ (i.e., π/2) while the
minimum one is located at θ ≈ 270◦ (i.e., 3π/2). This uneven
impulse can cause passive particles to get an effective velocity
pointed to the y direction. The more the impulse difference
between θ ≈ 90◦ and 270◦ is, the more effective the transport
of passive particles is. This uneven impulse suffered from the
collision of active particles leads passive particles to transport
in the microchannel directionally.

d=20 with cantboard

d=20 without cantboard

d=100 with cantboard

6

4

2

0 90 180 270 360

θ

θ

Ι/
1
0
-

7

Fig. 4. (color online) Average impulses I of passive particles suffered
from the collision of active particles at different positions θ with d = 20
and 100.

Figure 5 describes the relationship between the impulse
difference value ∆I and the average velocity V as a function
of (a) angular velocity ω of chiral-active particles with d = 20
and (b) the width d of microchannel with ω = 0.05. The im-
pulse difference ∆I is defined as ∆I = Iθ=π/2− Iθ=π , see the
inset figure in Fig. 5(a), and the trend of the impulse differ-
ence ∆I is identical with the average velocity V . If the circu-
lar trajectory chiral active particles is less than the width of

microchannel, the active particles cannot perform circular mo-
tion and only slide along the walls, therefore, the active par-
ticles move directly along the negative direction of Y axis in
the left area and the positive direction of Y axis in the right
area, which can induce the directed transport of passive par-
ticles. As the width of microchannel d increases, the active
particles show the circular motion and the transport behavior
diminishes gradually for passive particles. However, when the
width of microchannel d is very small, the collisions between
passive particles and wall or cantboards dominate the trans-
port, so the velocity of passive particle also decreases.
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Fig. 5. (color online) The relationship between impulse difference (∆I)
and average velocity V as a function of ω with d = 20 (a) and d with
ω = 0.05 (b).

In Fig. 6, the average velocity V also depends on the an-
gular velocity ω , and there exists an optimal value of ω at
which V takes its maximal value, and the maximum value is
about Vmax = 0.108 for d = 12 at ω = 0.05, Vmax = 0.158 for
d = 24 at ω = 0.05 and Vmax = 0.122 for d = 36 at ω = 0.02.
When ω is close to 0, the circular trajectory of active parti-
cles is very large, so the active particles slide along the walls,
and the passive particles move randomly in the microchannel.
Therefore, the suitable angular velocity ω for active particles
can cause passive particles to transport effectively in the mi-
crochannel. Of course, for the cases of large angular velocity
ω , the circular trajectory of active particle decreases and the
active particles only slide along the walls, therefore, the trans-
port velocity is also small.
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Fig. 6. (color online) Average velocity V as a function of ω with (a)
d = 12, (b) d = 24, and (c) d = 36. Here ρ = 0.2.
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Fig. 7. (color online) Number density distribution Pn (a) and velocity dis-
tribution Vp of passive particles along x axis for different angular velocities
with d = 12 and ρ = 0.2.

The position and velocity distributions of passive parti-
cles along the x direction with different angular velocities are
shown in Fig. 7. As shown in Fig. 7(a), the angular velocity
ω affects the spatial distributions of passive particles seriously.
For the case of ω = 0, the passive particles prefer to stay in the
middle area, and the distribution of the passive particle moves
to the left as angular velocity ω increases. As ω increases to
0.2, most of passive particles stay in the two areas near to the
hard wall or cantboards. The trajectory of chiral-active parti-
cles is circular, and the radius of circular trajectory depends

on the angular velocity ω . Since the radius of circular trajec-
tory is small enough for a large angular velocity ω = 0.2, the
passive particles are gathered near to the wall and cantboards,
especially in the wall. That is why the number density distri-
bution for ω = 0.2 has two peaks.

Meanwhile, as shown in Fig. 7(b), the velocity distri-
bution of passive particles is almost uniform for the case of
ω = 0, and the velocity distribution of passive particles be-
comes uneven as the angular velocity ω increases, and the pas-
sive particles near to the walls have the larger velocity, espe-
cially for the case of ω = 0.2. Therefore, the spatial symmetry
breaking for passive particles leads to possessing a property of
transport in microchannel and the effective transport of passive
particles relies on the width of microchannel (d), the density
(ρ), and the angular velocity (ω) of active particles.

4. Concluding remarks
Understanding the statistical properties of active matter in

confined geometries is of great importance not only for basic
science, but also for possible practical applications, for exam-
ple in micro biomechanics, where synthetic autonomous self-
propelled objects could be used as drug-delivery agents or for
mechanical actuation. In this paper, we numerically studied
the transport process of passive particles induced by chiral-
active particles in a microchannel with short cantboards ar-
rayed in the middle of the microchannel. As those short cant-
boards break out the spatial symmetry for passive particles,
active particles can make passive particles move directionally.
However, for active particles, as the distance between two ad-
jacent cantboards is greater than the diameter of active parti-
cles, the spatial symmetry of microchannel for active particles
remains well and there does not exist directional movements
for active particles. Of course, the effective transport of pas-
sive particles depends on the width of microchannel (d), the
density (ρ), and the angular velocity (ω) of active particles.
There exist optimal parameters for d and ω at which the trans-
port efficiency for passive particles takes its maximal value.
This investigation can help us understand the necessity of ac-
tive motion for living systems to maintain a number of vital
processes such as material transport inside cells and the forag-
ing dynamics of mobile organisms.
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