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Colloidal inclusions suspended in a bath of smaller particles experience an effective bath-mediated attraction
at small intersurface separations, which is known as the depletion interaction. In an active bath of nonchiral
self-propelled particles, the effective force changes from attraction to repulsion, an effect that is suppressed
when the active bath particles are chiral. Using Brownian dynamics simulations, we study the effects of channel
confinement and bath chirality on the effective forces and torques that are mediated between two inclusions that
may be fixed within the channel or may be allowed to rotate freely as a rigid dimer around its center of mass.
We show that the confinement has a strong effect on the effective interactions, depending on the orientation of
the dimer relative to the channel walls. The active particle chirality leads to a force imbalance and, hence, a net
torque on the inclusion dimer, which we investigate as a function of the bath chirality strength and the channel

height.
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I. INTRODUCTION

Active particles feature internal mechanisms that en-
able them to take up ambient free energy and execute
self-propelled motion. Being thus driven to a state of nonequi-
librium, a collection of such particles can exhibit intriguing
phenomena, such as self-organized assemblies and collec-
tive motions [1-13]. In biology, most micro-organisms have
evolved to perform active motion to explore their (often aque-
ous) surroundings [14—16]. Recently, a wide range of artificial
nano/microswimmers and active particles, such as Janus
colloids, have also been manufactured, utilizing different
mechanisms for self-propelled motion to facilitate advanced
applications, such as cargo and drug delivery [17-23].

For biological as well as artificial active particles, the di-
rection of self-propulsive force (motion) may deviate from
the axis of geometry due to symmetry-breaking effects. These
may include internal mechanisms such as shape asymmetry
that causes an induced torque on the particles [11,24-26],
which in turn leads to chiral particle motion (with, e.g., circu-
lar and helical trajectories in two and three spatial dimensions,
respectively) [12,27-30]. There are indeed many examples of
living micro-organisms displaying circular motion, such as
bacteria [31-33], sperm cells [34,35], flagellates [36], marine
algea (e.g., Effrenium voratum) [37], and zooplanktons [38].
Chiral living crystals have also been observed recently in
inherently chiral starfish embryos at an interface, an effect
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that is understood by torque exchange between embryo pairs
[39]. As for artificial swimmers, apart from geometrical asym-
metries, torques can often be applied externally, for example
using magnetic fields [40], electric fields [41], and laser irra-
diation [42]. While gaining insight into mechanisms leading
to chiral motion increases our understanding of organismal
motility, utilizing such mechanisms is of significance in de-
signing micromotors for technological applications such as
bioremediation and drug-delivery [28,43].

Many micro-organisms, such as sperm cells in oviducts
[15], Escherichia coli in guts [44], and also artificial mi-
croswimmers acting as drug-deliverers [45], swim in confined
geometries. Nonequilibrium surface accumulation of active
particles has thus received mounting interest as a peculiar
and yet generic effect realized in active systems [46]. This
effect has been observed experimentally for E. coli between
two glass plates [47] and numerically for cells with a rigid
flagellar filament, indicating the dependence of accumulation
on activity (self-propulsion speed) and cell size [48,49]. Inter-
actions between active systems and confining geometries can
cause interesting collective phenomena, such as vertical col-
lective motion of the bacterial suspension [46]. Understanding
the effects of confinement is important for application pur-
poses, such as separation, trapping, and sorting of active
particles [46].

In a bath of small colloids encompassing larger colloidal
inclusions subject to repulsive steric interactions, there are
depletion zones around the larger inclusions from which the
smaller particles are excluded. When the inclusions approach
each other and their intervening gap is smaller than the diam-
eter of smaller particles, the respective depletion zones start
to overlap, and there will be an imbalance in the osmotic
pressure acting on the opposing sides of each of the inclusions,
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hence giving an effective attraction, known as the depletion
interaction, between the inclusions [1,50].

There have been numerous studies regarding depletion-
type interactions and their effects on phase behavior, self-
assembly, and stability of colloidal suspensions [1,50-53]. It
is important in many aspects, from technological to medicinal
and biological fields, because of the emergent effects such
as coagulation, flocculation, and agglomeration of colloids.
Many properties of depletants, such as shape, size, charge, and
concentration, can modify the depletion interaction. Several
types of depletants have also been studied, including spherical
particles, disklike particles, rodlike particles, polymers, and
micelles, to name a few [54-56]. Properties of colloids can
also play an important role in depletion interactions, e.g.,
lock and key colloids [57] or introduction of surface rough-
ness [58], which can reduce this type of interaction between
them. Some experimental techniques, such as atomic force
microscopy, total internal reflection microscopy, surface force
apparatus, optical tweezers, and neutron scattering, have been
applied to measure depletion forces (see Ref. [59] as a short
review and reference therein).

In the case of colloidal particles suspended in an active-
particle bath, apart from the steric effects previously men-
tioned, nonequilibrium dynamics of particles also have a
role in depletion forces. In its nonequilibrium realization,
depletion forces violate Newton’s third law [60,61]; they are
anisotropic and can generate attractive or repulsive interac-
tions. This interaction can be dependent on many variables,
e.g., self-propulsion magnitude, the distance between sus-
pended colloids, the size ratio of colloids and active particles,
the shape of colloids and particles, confinements, geometrical
obstacles, or chirality of active particles [60,62—74].

In contrast to the case of passive (equilibrium) depletion
interactions, the inclusion of large nonactive particles into a
medium containing small, nonchiral, active particles leads to
a repulsive depletion interaction at short distances between
inclusions, followed by a weak repulsive hump at moderate
separations (around two to three small particle diameters),
and finally a decaying oscillatory tail at larger separations
[63,68]. The repulsion forces in the steady state are due
to the accumulation of active particles between the inclu-
sions, where they get trapped and a concentration gradient
builds up, which leads to the reported repulsive force [63,68].
The said oscillating behavior in the effective interaction is
connected with the sequential overlaps of the active-particle
layers (rings) that form around the inclusions. The number of
layers varies according to the bath activity, the concentration
of active particles, and the presence of any other boundaries.
Also, the amplitude and range of the ring overlaps drastically
exceed their equilibrium counterparts, as the persistent motion
of active particles results in prolonged near-surface detention
times and more extensive steric layering around the inclusions
[46].

Bath-mediated forces on the inclusions change as chirality
is introduced to the bath particles. In general, in the case
of chiral active particles, the number and density of particle
rings are suppressed and the intervening region between the
inclusions becomes less populated, leading to suppression of
the repulsive force between them. As the chirality strength is
increased (i.e., the circular trajectories traversed by the chiral

active particles display smaller radii [75,76]), the effective in-
teraction turns into a relatively long-ranged, chirality-induced
attraction [68].

The effect of confinement on the interaction between two
colloidal inclusions in a bath containing active particles has
been discussed in Ref. [77] by two of the present authors.
Based on these findings, in addition to the layered structures
around the inclusions, active bath particles are also attracted
by the channel walls, where they form flat layers. The num-
ber of wall layers increases with the area fraction of active
particles and at the expense of the active-particle rings around
the inclusions, indicating longer persistence times of active
particles along flat boundaries as compared with the convex
boundaries of the inclusions. The wall-induced effects are
found to be more prominent when the inclusion dimer is
placed in a perpendicular configuration with respect to the
channel walls as opposed to a parallel configuration.

In this paper, we shall use Brownian dynamics simulations
to investigate how activity and chirality of active particles
engender effective force and torque on the inclusions, while
also taking into account the confinement effects. First, the
effects of chirality on a confined active bath and the effec-
tive interactions between the inclusion pair will be studied.
Second, by allowing the inclusion dimer to rotate freely, we
calculate torque on the dimer as a function of the chirality
of active particles and the confinement parameter. In this
case, we model the dimer as a dumbbell, pinned from the
middle to the center of the channel. This can be viewed as
a model system for chemically heterogeneous surfaces such
as proteins, polymers, and also metallodielectric or magnetic
Janus particles acting as drug-deliverers.

The paper is organized as follows: In Sec. II we introduce
our model, and in Sec. Il we discuss the results for fixed
(Sec. IIT A) and rotating (Sec. III B) inclusions in the chiral
active bath. The paper is concluded in Sec. IV. Further details
regarding our numerical methods can be found in our previ-
ous works for fixed inclusions in bulk and in confinement in
Refs. [68,77].

II. MODEL AND METHODS

We consider two nonactive colloidal inclusions of radius
a. and center-to-center distance A inside a planar channel
of height H that also contains active Brownian particles of
radius a < a, at area fraction ¢. As shown in Fig. 1(b), the
colloidal dimer is pinned from its center of mass (indicated by
a light blue dot between the two colloids), preventing it from
translational motion in the active bath. The dimer orientation
can also be fixed in parallel/perpendicular configurations rel-
ative to the midline of the channel (x-axis), or be allowed
to rotate freely within the channel. The system is studied in
a two-dimensional setting, as widely used in the literature,
given that most of the key features of active models can be
reproduced efficiently in two dimensions [2,3,9,10,78-84].

Active particles self-propel at constant speed V. At any
given time ¢ their configuration is described by the posi-
tion vectors r;(#) = (x;(¢), y;(t)) and the orientation angles
0;(t), from which their preferred direction of motion n; =
(cos @;, sin ;) is obtained [Fig. 1(a)]. Particle configurations

064610-2



DIMERIC COLLOIDAL INCLUSION IN A CHIRAL ...

PHYSICAL REVIEW E 104, 064610 (2021)

@7% ® o

FIG. 1. (a) Schematic view of a chiral active particle with
self-propulsion speed V; and counterclockwise angular velocity w.
(b) Two nonactive colloidal inclusions are pinned to the center of
the channel, with the option to rotate freely or get fixed in vertical
or horizontal orientations, and with intersurface distance A in a bath
of chiral (or nonchiral) active particles moving according to Egs. (1)
and (2). The green curve indicates typical trajectories of chiral active
particles.

evolve in time according to the overdamped Langevin equa-
tions (see, e.g., Refs. [2,9,80,85])

. BUr,»
r, =V — ur e + \/ﬂﬂi(l), (D
0 = o + /2Dg &i(2). 2)

Here, p7 is the translational mobility of active particles,
and U is an external potential that involves the force act-
ing on particles i as f; = —dU /dr; due to interactions with
other particles and the walls. Dy is the (bare) transla-
tional coefficient of active particles fulfilling the Einstein-
Smoluchowski-Sutherland relation Dy = purkgT (kg is the
Boltzmann constant and 7" is the ambient temperature). Dg
is the rotational diffusion constant of active particles satisfy-
ing the relation Dz = 3Dy /0% in the low Reynolds regime.
w is the intrinsic angular velocity of active particles with
positive (negative) values corresponding to counterclockwise
(clockwise) particle rotations. »;(¢) and ¢;(¢) are indepen-
dent, white, Gaussian translational and rotational noises with
zero mean, (n7¥(t)) = (£;(t)) = 0, and two-point correlations
(O () = 8,88 —1') and (G = 8t —1'),
with i, j denoting the active particle labels and «, 8 the two
Cartesian directions x, y. While thermal translational noises
are subdominant in active systems, we have nevertheless in-
cluded them to ensure that thermal equilibrium is achieved in
the steady-state with V; = 0.

The steric pair potentials between active particles and
between active particles and the inclusions, V (r;;), and the
steric potential between active particles and the channel walls,
V?,EV (y;) (with £ indicating the top/bottom walls), are modeled
using the modified forms of the Weeks-Chandler-Andersen
potential (WCA),

12 6
V(rij)==4€[<|%r) ) +1] <o)
0

L rij| > o,
a 12 a 6 +
Vi (= 4d(im) —Apm) +1] cFi<a g
0 L 18yF | >a,

where € will be fixed at a sufficiently large value to ensure
that particles, the inclusions, and the channel walls remain
impermeable. We use o = 2a for the interaction of the ith
and the jth active particles, in which case [r;;| represents

the center-to-center distance between the active particles. For
the interaction of an active particle and an inclusion, we use
Oeff = @+ a., and |r;;| is replaced with the corresponding
center-to-center distance. Also, |8yii| = |y; F H/2| gives the
perpendicular distances of the ith active particle from the
top/bottom wall. Needless to say, the inclusions here are
placed in such a way that no steric forces are applied to them
except by active particles.

To proceed further, we use a dimensionless representation
by rescaling the units of length and time using the radius
of active particles and the timescale for their translational
diffusion as ¥ = x/a, § = y/a, and f = Dt /a*. The relevant
set of dimensionless parameters that determine the overall
behavior of the system are thus obtained as follows: The
size ratio a./a, the area fraction ¢, the rescaled intersurface
distance A = A/a (see Fig. 1), the rescaled chirality strength
I' = w/Dg, and the Péclet number (or rescaled self-propulsion
strength), Pe,, defined as

aVs 3V
DT - 4DRa’

Pe, = 3)
where we have used Dz = 3Dy /4a” for no-slip spheres in the
low-Reynolds-number (Stokes) regime [86]. Also, the typical
radius of curvature, R,,, for the circular arcs traversed by chiral
bath particles will be relevant in the next section; in rescaled

units, R, = R,,/a, we have

< 4P

R, = Tk (6)
The force components on the ith active particle and the inter-
action energy are rescaled as f:?‘ =90 /0%, f? =930 /0%,
and U = U/(kgT), respectively.

Equations (1) and (2) are solved numerically using Brow-
nian dynamics methods by discretizing them over sufficiently
small time steps Af. Typical simulations were run for 107 time
steps using A7 ~ 1073, with 5x 10° initial steps used for re-
laxation. Then results are averaged over about 20 statistically
independent samples after the system reaches a steady state. If
not explicitly indicated, the error bars in the forthcoming plots
are comparable to or smaller than the size of the symbols.

Our main objective is to study the role of self-propulsion,
intrinsic chirality of active particles, and also the channel
height on the effective forces and torques induced on the
inclusions. Accordingly, we fix €/(kgT) = 100, a./a =5,
and ¢ = 0.3, and we vary Pe; in the range 0-150, I" in the
range 0-40, and for H we use two values of 2.5a, and 4.5a..
We use 1600 active particles with initial positions distributed
randomly in the free space within the simulation box. The
latter is defined by the channel height in the y direction and a
periodic side length in the x direction, whose value is adjusted
according to the given area fraction.

For the calculation of the effective forces on the inclusions,
we considered two separate cases. In the first case, the in-
clusion pair was fixed in place with parallel or perpendicular
configuration relative to the midline of the channel (x-axis).
In this case, the net force acting on inclusion follows from the
averaged sum of instantaneous forces exerted on it from col-
lisions by bath particles (see Refs. [68,77]). The components
of force F are reported by F, and F, in the x and y directions,
respectively. For concreteness, in the forthcoming plots and in
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FIG. 2. (a) The x- and y-components of effective force, 7, and F,,

respectively, on the inclusions in the parallel configuration as a function

of rescaled channel height, A, at fixed Pe, = 50 and ¢ = 0.1. (b) Same as (a) but in the perpendicular configuration. (c) Local area fraction of
active bath particles (as shown by the color map) along with the averaged velocity of bath particles indicated by arrows. The right and bottom
panels show averaged V, and \Z components of the bath particle velocity, respectively.

the parallel (perpendicular) configuration, we include only the
effective force on the right (top) inclusion. Thus, a positive
(negative) force indicates a repulsive (attractive) interaction
between the inclusions. In the second case, using springs,
one with an equilibrium distance of R, = (2a. + A) to keep
center-to-center of inclusions constant, and two other smaller
springs each with an equilibrium distance of r, = (a. + A/2)
to pin inclusions to center of the channel, we allow the
inclusion dimer to act as a rigid dumbbell that can rotate
freely while its center-of-mass is pinned to the channel center
(Sec. III B). In this case, the total torque 7 on the dimer from
steric interactions with active particles is calculated using the
definition ¥ = ¥ x F = %2, where F is the distance vector of
said inclusion from the center-of-mass of the dimer and Z is
the out-of-plane unit vector.

III. RESULTS

A. Fixed inclusions

We begin our discussion by exploring the impact of parti-
cle chirality and channel confinement on the effective forces
imparted on the inclusions in both their parallel and per-
pendicular configurations relative to the channel walls. The
results can be compared with those of the nonchiral case in
Ref. [77]. Slmulatlon data for the rescaled effective force
components, £, and £, in the parallel configuration are shown
in Fig. 2(a) as functlons of the rescaled channel height, H, at
fixed values of Pe;, = 50, ¢ = 0.1, ' = 19.2, and A= 2.0.
As seen, F, is negative and indicates attractive interaction in
the x-direction. By increasing the channel height, absolute
values of the force decrease. Positive Fy values indicate that

n “upward” force is experienced by the right-side inclusion
(and a “downward” force of equal magnitude by the left-side
inclusion), implying a net torque on the dimer, which we will
explore further in Sec. I1I B.

In the perpendicular configuration, see Fig. 2(b), F,, which
will now be indicative of a torque on the dimer, changes its
sign and magnitude as the channel height, H, is increased.
F, vanishes at H = 25, indicating no force on the inclusions

in the y-direction, the reason being that the distance between
the inclusions and the walls is less than the diameter of an
active particle. Also the circular motion of active particles and
their radius of arc for this Péclet number and chirality are such
that the accumulation near the walls is low. By increasing
the rescaled channel height, active-particles are able to go
between walls and inclusion, thus a decrease in F} (increase
in the attractive force magnitude) can be seen. On further
increase of the height, Fy declines to a minimum at H = 35,
where the attractive force is maximum. After that by increas-
ing A, absolute values of force decline while still remaining
attractive. In summary, Fy acts as an attractive force while £,
changes sign, which indicates that the torque will be reversed
upon increasing the channel height; see Sec. III B.

The mean local area fraction of active-particles and their
speed profiles in the x direction, V., and in the y direction,
V,,, in the perpendicular configuration for H = 25, Pe, = 50,
¢ = 0.1, and I" = 19.2 are displayed in Fig. 2(c). This figure
shows that most of the active particles stay away from the
walls and inclusions. This observation seems rather peculiar
and in contrast to the nonactive or nonchiral active cases in
which active particles aggregate near edges and inclusions.
The velocity profiles indicate a net current inside the channel
induced by the collective behavior of active particles, which
will be explored in more detail in the case of mobile colloidal
inclusions in Sec. III B.

Comparing Figs. 2(a) and 2(b), it should be noted that the
distance between inclusions and the walls of the channel is not
the same. For the case of parallel configuration of inclusions
[Fig. 2(a)], due to the high distance between the inclusions
and the wall, the intersections between active-particle ring
around the inclusions and a flat active-particle layer on the
walls are absent compared to the perpendicular configuration
[Fig. 2(b)]. The population of active particles in the layer
and ring decreases as we move away from the pertinent sur-
faces. Therefore, in the parallel case, intersections between
the low populated layer and the ring of the inclusions create
a weaker force compared to intersections due to a relatively
highly populated layer and ring when inclusions are located
perpendicular to the channel walls.
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FIG. 3. The effective force components (£, and I:"y) on the inclusions as a function of I' for channel height H = 25 and Pe; = 50, and in
(a) parallel and (b) perpendicular configurations. The effective force components (£, and Fy) on the inclusions as a function of H in (c) parallel

and (d) perpendicular configurations at I' = 4.8 and Pe; = 50.

We now turn to the case of a moderately larger area frac-
tion ¢ = 0.3. First, we consider the effect of chirality on
the force. Figures 3(a) and 3(b) show forces acting on the
inclusions at different chiralities, I', at fixed height, H =25,
and Péclet number, Pe; = 50, for parallel and perpendic-
ular configurations, respectively. In the parallel case, with
I'=0 (no chirality), £, = 0 for the right-side inclusion in-
dicating no overall torque, and also F,, the force acting on
the right-side inclusion, is positive, meaning there are medi-
ated repulsive forces between the two inclusions, as expected
from the nonchiral active cases. However, by increasing chi-
rality, forces acting on the inclusions reach a maximum at
around I' = 2.4 (corresponding to R, ~ H), and then they
decline to reach small values after I' = 9.6 (corresponding to
R, ~ H /4). It can be seen that £, is negative, which implies
a counterclockwise torque on the inclusions. The said values
of the circular arc radius for the bath particles, respectively,
represent a situation in which a full rotation of bath particles
(in the absence of rotational diffusion) can happen inside the
channel, and another situation in which, roughly, two circular
trajectories can fit vertically into the channel. In the first case,
the inclusions experience the maximum force from the chiral
active bath, making the inclusions rotate in the same direction
as bath particles. However, in the second case, in which two
circular collective motions are built, one close to the top wall
and the other close to the bottom wall, the motions cancel each
other out at the center of the channel, and for the inclusions
they create a weak opposite rotation of the bath particles.

In the perpendicular case, at I' =0, F, values are high
due to an increased buildup of active particle density at the

regions between the inclusions and walls, while F, values are
minimal. For the nonchiral case (I' = 0), the number of flat
layers formed at the walls from the accumulation of particles
is high, and these layers can overlap with the ring(s) formed
around the inclusions leading to an attractive force. How-
ever, as expected [68], the activity-induced attractive force
is suppressed upon increasing the chirality strength, I'. As is
known, in the limit of I' — o0, the effective force mediated
on inclusions from active-chiral bath particles approaches its
equilibrium values [87].

Data for forces acting on the inclusions as a function
of channel height at I' = 4.8 and Pe; = 50 are shown in
Figs. 3(c) and 3(d) for parallel and perpendicular configu-
rations of the inclusions, respectively. The difference in the
force behavior can be understood in terms of ring-layer in-
teractions. In fact, for both figures [Figs. 3(c) and 3(d)], the
magnitude of the rescaled radius of curvature for the bath
particles is the same, R,/a = 4P,/(3T") ~ 13.5. The mean
area fraction occupied by the swimmer particles can be used
to demonstrate the number of layers (rings) formed for walls
(inclusions). The number of layers and rings is not affected
by the channel height [68,77]; it is only affected by the area
fraction of the system, ¢, chirality, and Péclet number. In the
case of confined nonchiral active particles, the effective force
is highly affected by channel height, and due to the overlaps
between layers of flat boundaries with the rings produced
around the inclusions, it creates an oscillating force profile. In
the channel heights with high overlaps, the force magnitude
increases and otherwise shows a decrease in force. However,
for the case of chiral active particles, the number of layers
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FIG. 4. Force components as functions of the distance, A, on
inclusions in the parallel configuration at I' = 4.8, Pe; = 50 and
H=15.

and rings diminished, and as a result, similar to other cases,
the oscillating behavior was suppressed. In the parallel case,
a suppressed oscillating behavior for the force can be seen,
which will reach the bulk value at wider channels. For a per-
pendicular configuration, on the other hand, starting at H =
25, E values are negative, meaning there are attractive forces
between the inclusions, while F, values indicate a counter-
clockwise torque. This can be understood from layer-ring and
ring-ring overlap competitions, which at high confinement
layer-ring overlaps dominate ring-ring overlaps leading to at-
tractive interactions between the two inclusions. However, as
the channel gets wider, layer-ring overlaps weaken and ring-
ring overlaps dominate, creating repulsive force. Finally, the
repulsive force reaches a maximum at H ~ 35, then decreases
until reaching a plateau at the wider channel.

We also studied the effect of distance between the inclu-
sions on the mediated force at I' = 4.8 and Pe; = 50 in a
parallel configuration, and the result is depicted in Fig. 4.
The F, values decrease with increasing distance, which is to
be expected as ring-ring overlaps weaken when the distance
between the inclusions is increased. Fy values starting from
A = 2 are negative, implying clockwise torque acting on the
inclusions (similar rotation to active particles), and increasing
A decreases the absolute values of the force. As the inclusions
are separated further, the mediated force gradually becomes
independent of the presence of the other inclusion and ap-
proaches a single-inclusion case.

B. Rotating inclusion dimer

In this section, we explore the effect of mediated force
on inclusions by allowing them to rotate freely as a rigid
dimer, while their center of mass is pinned to the center of the
channel. Here, we will obtain further insights into the effects
of chirality and active-particle interactions with the walls and
inclusions.

We start by calculating average torque, 7, acting on the
inclusion dimer as a function of I" and Pe; at fixed channel
height H = 25. Simulation data, in this case, are illustrated
in Fig. 5. There are some main features in this figure that
need exploring in more detail. It is evident that with increasing
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FIG. 5. Torque, 7, acting on the inclusion dimer as a function of
I and Pe; at fixed channel height H = 25.

swimmer Pe, the absolute values of torque acting on the dimer
increases. As expected, in nonactive particles (Pe; = 0) there
is no net torque acting on the dimer as a result of the symmetry
of the system. Also, as mentioned earlier, positive (negative)
torque means counterclockwise (clockwise) rotation of the
dimer. A maximum and a minimum are observed for the
torque, corresponding to the maximum speed of counterclock-
wise and clockwise rotations of the dimer, respectively. The
maximum and minimum values of torque happen at lower
values of chirality as the Péclet number decreases, such that
the maximum for the cases Pe; = 10 and 30 is not seen from
our simulations.

At a given Péclet number, by introducing particle chirality
w, the linear self-propulsive trajectories of the active particles
change into circular ones, and as the strength of chirality
increases, the typical radius of curvature for particle trajecto-
ries decreases as R, = V,/w. As a consequence of changes in
the motion, the spatial distribution of active particles changes
inside the channel, leading to a decrease in the population of
particles at boundaries and an increase in the population of
them away from boundaries. For chiral active particles, the
most important parameter determining their behavior is the
radius of curvature. For specific values of this radius, which
allow the active particles to have a complete rotation inside the
channel, maximum values of forces are acting on inclusions.
However, due to the density of the system, layers of active
particles are present in proximity to the walls, causing the
radius of arc for a perfect rotation to decrease from the channel
height to smaller values. Also, the value of the Péclet number
determines the persistence time of active particles close to
the boundaries. At higher values of the Péclet number, it
takes longer for the swimmer particles to escape from the
boundaries. As a result, for the case of Pe; = 50, the torque
corresponding to a perfect rotation inside the channel has
its maximum value where I" ~ 2.4 (or R,, ~ 27.16), and its
minimum value at T’ ~ 9.6 (or R,, ~ 6.9). Similar behavior
can be seen at different Péclet numbers. Table I summarizes
the values corresponding to the maximum and minimum of
the torque depicted in Fig. 5. The origin of this behavior
was initially shown and discussed in the force measurement
in the previous section. Depending on the layers and rings
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TABLE . Values of the radius of arc for maximum and minimum
torques at given Péclet numbers.

Pes Fmax Rw l—‘min Rw

50 24 ~27.16 9.60 ~6.79
70 3.6 ~25.35 14.4 ~6.34
100 6.0 ~21.73 19.2 ~6.79
150 9.6 ~20.38 33.6 ~5.82

around the inclusions and walls, and their interactions, the
force acting on the inclusions is different, which in free mode
causes the dimer to rotate in the applied direction.

Density maps of active-particles for various chiralities (I")
at fixed values of ¢ = 0.3, H =25, and Pe, = 50 are shown
in Fig. 6. Starting at I' = 0, about five layers of active particles
reside in the vicinity of the walls. Also, the active-particle
density where the dimer spends most of its time is the min-
imum (black regions). The density of active particles is high
in the center of the channel because active particles can go
between the inclusions. By increasing I', fewer layers are
formed near the walls, and the density of active particles in
the middle of the channel is increased. Increasing chirality
from I' = 9.6 to 12 leads most of the active particles to the
middle of the channel and only two layers remain near the
walls. On increasing I' further, the number of layers near
the walls decreases, and more active particles move to the
middle of the channel.

To determine the effects of channel height, the values of
torque, T, acting on the dimer as a function of chirality (I")
of active particles (we only considered cases with Pe; = 50,
100, and 150) at fixed ¢ = 0.3 and channel height H =45
were calculated and shown in Fig. 7. Compared to the results
reported in Fig. 5, the position of maxima and minima in the
torque acting on inclusions from bath particles is moved to
lower chiralities (as a result, in the case of Pe; = 50, the maxi-
mum is not seen at the simulated chiralities). The values of the
arc radius for the swimmer particles in both figures (Figs. 5
and 7) are the same; however, the available space for active
particles to rotate has increased in the wider channel, resulting

0 0.2 0.4 0.6 0.8 1
T 0.00— _F o

FIG. 6. Density map of active-particles for various I'’s, as indi-
cated in the figure, at fixed values of ¢ = 0.3, H = 25, and Pe, = 50.
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FIG. 7. Torque, 7, acting on the inclusion dimer as a function of
chirality I' for swimmer Pe; = 50, 100, and 150 with fixed ¢ = 0.3
and channel height A = 45.

in a change in the relative population of active particles along
the channel. Therefore, using a similar argument to H =25,
the maximum of the torque occurs as the radius of the arc
is close to the channel height and the minimum occurs as
Ry~1,

We also calculated the torque, T, acting on the inclusion
dimer as a function of channel height, H, with fixed chirality,
I' =12, ¢ = 0.3, and swimmer Péclet number, Pe;, = 150, as
depicted in Fig. 8. By increasing H, the torque value that
was the maximum value for H = 25 decreases and passes
zero torque at H ~ 45 and decreases more until reaching its
minimum value at A = 80.0. After that, the torque increases
slowly tending to a fixed value of bulk for this particular
I'. Comparing the torque values applied to the pinned dimer
from bath particles, we reach a similar conclusion to that for
the cases of constant channel heights at H = 25 and 45. At
this particular Péclet number and chirality, the value for the
radius of arc is ~16.3, meaning a maximum torque occurs at
H ~ 2R, and a minimum at H ~ 4R,,.

150

N
N
100 . .
N
| \. i
50 .
\0
= ol 1 Y i
\0
Y,
—50 \, -
N\,
\¢
—100 | . -
~.
.
1 1 1 1 1 1
3 4 5 6 7 8 9
A

FIG. 8. Torque, 7, acting on the inclusion dimer as a function of
channel height H with fixed chirality, I' = 12, ¢ = 0.3, and swimmer
Péclet number, Pe; = 150. The last point in the plot refers to torque
in the bulk situation.
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FIG. 9. Data of torque acting on the inclusion dimer as plotted
in Fig. 5. Here, instead of chirality, torque values are plotted as a
function of circular arc radius of the active-particles calculated for
all swimmer Pe;.

As a conclusion, here we present the simulation data for
torque as a function of the circular arc radius of the active
particles calculated for all swimmer Pe; in Fig. 9 (the data are
the same as in Fig. 5, but replotted as a function of R,). The
absolute values of average torque acting on the dimer increase
with swimmer Pey; its maximum and minimum values appear
in specific values of radius for all Pey, namely at ~7 and ~23,
respectively. These values correspond to N% and ~H, as we
have discussed in previous sections.

IV. CONCLUSION

The effect of chirality and confinement on the behavior of
colloidal inclusions in an active bath of particles is studied
using Brownian dynamics simulations. The goal of the current
work was to describe how the motion of chiral active particles
is affected by applying confinement on the system, and to
observe the changes this can cause on the mediated force on
the inclusions. In particular, we considered how the collective
motion of chiral active particles emerges in the presence of
confinement, and we studied this behavior by measuring the
mediated force on the center-pinned freely rotating inclusion
dimer.

Our study of the force mediated by active-chiral bath par-
ticles on pinned colloidal inclusions reveals the importance of
the spatial distribution of active particles on the force applied
to the inclusions. The spatial distribution of bath particles
inside the channel is determined mainly by the radius of the
circular motion of particles. Two colloidal particles located
inside a nonactive medium experience predominately attrac-
tive force between them, known as depletion interaction. In
the presence of planner walls, they are also attracted by the

walls. However, in the case of the active medium, these forces
become nonmonotonic with more determining factors, such as
the magnitude of confinement, the activity of bath particles,
chirality, the area fraction of bath particles, the aspect ratio
of the inclusions/bath particles, etc. In the active confinement
case, the interactions are repulsive due to the high persistence
time of active particles at the boundaries. Thus, the active
particles accumulate at surfaces to create layers and rings
for the walls and the inclusions, respectively. Therefore, the
interaction between the inclusions is determined by the inter-
actions of layers and rings [68,77].

In the case of a chiral active bath, chirality suppresses the
effect of activity on the force mediated on the inclusions [68].
Chirality decreases the persistence time of active particles at
boundaries. This makes layers and rings less populated and
causes a decrease in the interaction’s magnitude. At elevated
chiralities, the spatial distribution of bath particles changes
dramatically compared to the nonchiral case, and as a result
the mediated interactions between the inclusions become at-
tractive again. In addition, our results show that the inclusion
configuration inside the channel plays a major role as well.

To quantify the effect of chirality on the inclusions, we
measured the torque applied from bath particles to the pinned
inclusion dimer. The result in our work shows a nonmonotonic
behavior for the torque as a function of the chirality of the bath
particles. For a given self-propulsion and channel height, the
torque shows a maximum and a minimum at the studied range
of chiralities. The maximum values of torque are found to be
connected to the arc radius equal to the channel height, while
the minima are related to the arc radius equal to one-quarter
of the channel height, where two complete rotations can fit in
the channel.

An oscillating behavior is expected to happen for the torque
as the channel gets wider, creating room for more circular
motions to locate inside the channel. Therefore, the channel
height can be used as a control parameter for a given chiral-
active system to mediate the desired rotation on the inclusions.
This can be used as an advanced technique to mix fluid in a
selective and directive way.

For a given channel width, it is interesting to explore the
effect of the colloid/swimmer aspect ratio on the behavior
of the dimer. As this ratio increases, it is expected to see
an increase in the magnitude of the torque; however, the oc-
currence and position of the maximum and minimum values
need to be confirmed. Another interesting direction may be a
study of the effect of shape asymmetry of the inclusion (such
as the snowman model [88]) in the presence of chiral active
particles.
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