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ABSTRACT

This study considers the dynamics of chiral active Brownian particles (CABPs) through numerical simulations
conducted under the influence of an optical field. Unlike passive Brownian particles, CABPs possess a propulsion
mechanism and a chiral torque that induce curved trajectories, complex motion, and out-of-equilibrium
behavior. These properties make CABPs interesting for both theoretical research and potential applications in
the control of active matter. In simulations, CABPs are modeled as spherical particles with a refractive index
suspended in a fluid medium (water). When illuminated by an optical field, these particles experience optical
forces due to the momentum transfer from the light field, which affects their motion. This interaction provides
a powerful method for guiding, confining, or sorting them based on their motile characteristics. As a result, the
study demonstrates that optical fields can serve as both static and dynamic barriers, significantly influencing the
trajectories of particles. The findings present that optical landscapes can separate and orient CABPs based on
their propulsion speed and chirality. The study emphasizes the potential of optical manipulation as a tunable
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Introduction

Active colloids, which convert internal energy into directed
motion [1], have emerged as a key topic in physics, chemistry,
and biology due to their complex dynamics [2]. Unlike passive
Brownian particles, whose random motion results from
thermal collisions with fluid molecules [3,4], active particles
exhibit self-propulsion and experience forces and torques that
drive them out of thermal equilibrium [5-7]. This behavior is
reminiscent of biological systems, such as bacteria and cells, as
well as synthetic microswimmers like Janus particles [8-10].

Active particles are generally classified into three types
[11]. The first, known as active Brownian particles (ABPs),
exhibit self-propelled motion at a speed v along straight
trajectories, interrupted by random reorientations, often due
to thermal fluctuations [5,12]. The second type, chiral active
Brownian particles (CABPs), move with both a self-propulsion
speed, v, and an intrinsic angular velocity, Q [13]. Their
trajectories form circles in two dimensions or helices in three
dimensions, with a well-defined chirality. This motion, first
discussed by Lord Kelvin in 1893, is observed in systems
ranging from bacteria and biomolecules to artificial
microswimmers [14,15]. The third type, known as spinners, is
characterized by pure rotational motion at a constant Q
without translational self-propulsion [16].

Understanding CABP dynamics is crucial for the
development of particle manipulation techniques [17],
particularly for sorting microswimmers based on properties
such as self-propulsion and chirality [18,19]. In the literature,
several sorting strategies have been proposed involving
mechanisms such as (i) clustering and phase separation [20-
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technique for chiral active particles in complex environments.
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22], (ii) directed motion [23-26], and (iii) interactions with
structured obstacles. In particular, chiral swimmers of opposite
handedness can be separated via geometrical traps, including
flower-shaped patterns [27], counter-rotating obstacles [28],
asymmetric L-shaped arrays [29], and spiral structures [30].

Recently, the interaction of active particles with optical
fields has attracted considerable attention [31,32]. Light-
matter interactions, through momentum transfer, can alter
the trajectories of active particles, offering a tunable tool for
controlling their behavior [33,34]. Optical fields can be
designed to trap, guide, and sort active particles based on
differences in physical properties, such as size, refractive index,
propulsion speed, and rotational diffusion [35-37].

This study investigates the dynamics of CABPs in structured
optical fields via numerical simulations. By analyzing the
trajectories resulting from interactions with optical fields, the
study demonstrates that light patterns can affect particles as
both static and dynamic obstacles, allowing control over CABP
motion. In particular, the simulations show that low-intensity
regions of light fields behave as a practical obstacle. In contrast,
high-intensity regions of patterns can guide particles into
desired areas and trap them selectively based on their
dynamic properties. Furthermore, it is demonstrated that
optical patterns with geometrical features, such as flower-
shaped fields, can facilitate the separation of CABPs based on
their self-propulsion speed and chirality under both steady and
time-varying conditions.
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While previous studies have relied on physical obstacles to
manipulate active particles, this work demonstrates that
structured optical fields can achieve similar or even more
effective results. Optical fields are easier to generate, can form
dynamic, moving barriers and allow for selective control based
on particle properties, such as chirality and angular velocity.

These findings not only enhance the understanding of
CABP dynamics in complex environments but also show the
potential of optical manipulation as a powerful platform for
controlling active matter. The results could pave the way for
designing advanced sorting and transport mechanisms in
applications ranging from drug delivery in microfluidic systems
to the study of collective behavior in biological and synthetic
microswimmer populations.
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Material and Methods

This study uses computer simulations to understand the
behavior of active particles under optical force fields. The
particles are considered to be spherical in shape, transparent,
with a refractive index n,, and suspended in a liquid with a
refractive index n,,,. The medium surrounding the particles is
assumed to be illuminated with a parallelly oriented optical
pattern, I(M, N), pixelated into M rows and N columns. Due
to the optical field, an optical force field occurs, exerting a force
on the particles. The optical force can be calculated using the
following equation [38] (see Figures 1(a) and 1 (b)
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Figure 1. (a) illustrates the coordinates of the simulation system along with an optical light field. x and y are axes of the sample

chamber referance frame (the lab refrence frame). The red circle represents the cross-sectional area of the particle in 2D.
The point (x,, y,) is the position of the particle in the lab reference frame. dA denotes a unit area on the cross-sectional area
of the particle in the particle referance frame. r and 8 are the polar coordinates on the particle cross-sectional area. (b)
geometrically defines Ar for the refraction of a single ray through the particle. (d) shows the trajectories of a 1 pm diameter
particle, which corresponds to Brownian motion (2 = 0 and v = 0). (e) and (f) show the trajectories for chiral active
particles with opposite angular velocity (Q = +m, v = 5 ums 1) while (c) shows the trajectories of an active Brownian
particle (O = 0, v = 5 pms™1). In the Figure (c—f), the colors of the trajectory lines change from black to red, corresponding
to the progression from the starting time to the end. (g) represents an active Brownian particle that is characterized by an
orientation @ (t) and a self-propulsion speed v.

R (2@
F = xj j I(r, 9)Ar rdrd0O (1) T r\¢ r r\2 5
0o Jo AT—E 1_(ﬁ) _ﬁ 1—(E) ()

Here, the parameter k is a conversion factor that relates
the grayscale intensity of the pattern to the light power.
dA = rdrdf corresponds to the cross-sectional area of
the particle. Ar represents the vertical distance between
the encounter point of the incident ray and the outgoing
point of the refracted ray on the particle (see Figure 1 (b))
and is expressed in the following form

Here, r represents the distance from the particle center,
and R is the radius of the particle. n corresponds to the
ratio of n, /ny,.

In addition to the parameters of Brownian particles in
simulations, active particles are characterized by three
additional parameters: angular velocity (Q), self-
propulsion speed (v), and the orientation (®) of the
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particle with respect to the sample chamber reference
frame (see Figure 1 (g)). The trajectories of the particles

d’i = q)i—l + QAt + 4/ ZDRAtw(p

Xx; = x;_q4 +vcos(®;,_{) At + Fx;_{ At/y
+/2D;Atw,

Yi =Yi-1 tvsin(®;_;) At + Fy;_, At/y
+ J2D;Atw,

Here, i represents the step index in the discretized time
sequence of the simulation. y = 6mnR, Dy = KT /y
translational diffusion coefficient and Dy = 0.75D;/R?
rotational diffusion coefficient. 7 = 1fN/um? is the
viscosity of the liquid, T = 300 K is the temperature and
K, = 0.0138 fNumK™! is Boltzmann constant. wg, Wy,
and w,, are white noise (Wiener process) with zero (0)
mean and unit (1) variance for the x, y, and &
components separately. In all simulations in the study, the
interactions between particles and hydrodynamic
interactions were ignored.

A simulation platform was developed in MATLAB
based on the above formulation. This platform is a revised

are generated by the numerical solution of the Langevin
equation with the added optical force, as follows [6,7,39]

version of simLightForce, adapted to account for the
behavior of an active Brownian particle (see [40]). A series
of simulations was conducted for a 1 um diameter silica
particle (n, = 1.59) suspended in water (n, = 1.33)
without any optical pattern at 100 frames per second (fps)
for 5 seconds to evaluate its performance. In these
simulations, various angular velocities () and self-
propulsion speeds (v) were considered. The resulting
trajectories are presented in Figure 1 (c) active Brownian
motion, (d) Brownian motion (passive), chiral active
Brownian motion (e) in the clockwise direction, and (f) in
the anticlockwise direction. The results are consistent
with those reported in [7].
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Figure 2. The figure presents sequences taken during simulations conducted for a 2 um diameter particle under an optical field
containing white and black regions. (a--c) show the trajectories of a 2 pum diameter Brownian particle and the optical force
(F) exerted on it. The k parameter for the optical field is 20, corresponding to a high optical power, resulting in a strong
optical gradient force on the particle. This force restricts the particle in the white region. The particle cannot re-enter the
black region. (d--e) show the trajectories of an active Brownian particle with a self-propulsion speed of v = 5 pms ™. The k
parameter for the optical field is 5, corresponding to weak optical power and a weak optical gradient force. This force is not
sufficient to keep the particle in the white region due to the high energy of the active Brownian particle. As a result, the

particle can escape into the black region
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Figure 3. The figure presents simulation results for active chiral particles with opposite chiralities in a flower-shaped optical field
(see (Mijalkov & Volpe, 2013; Volpe et al., 2014)). In the simulation, the particles have a diameter of 2 um, a self-propulsion

-20

speed of v = 20 pms™

, and an angular velocity of A = +m / 2 (anticlockwise) for the blue particles and A = —m / 2

(clockwise) for the red particles. (a--c) present sequences from the simulation. (d) and (e) show the number of particles as a
function of time in regions A and B, respectively, which are marked by green circles in (c).
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Figure 4. The figure presents simulation results for active chiral particles with opposite chiralities in a flower-shaped optical field
that rotates with angular velocity w (see (Chen & Ai, 2015)). The left flower rotates clockwise with w = —m / 2 while the
right flower rotates anticlockwise with w = 4+ / 2. In the simulation, the particles have a diameter of 2 um, a self-

propulsion speed of v = 20 ums

~1, and an angular velocity of O = 4+ / 2 (anticlockwise) for the blue particles and Q. =

—1 / 2 (clockwise) for the red particles. (a--c) present sequences from the simulation. (d) and (e) show the number of
particles as a function of time in regions A and B, respectively, which are marked by green rectangles in (c). In the graphics,
the gray lines represent the number of particles for the performed simulation with the same parameters without any optical
field.
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Figure 5. The figure presents simulation (for angular-velocity-selective behavior) results for active chiral particles with the same
chirality but different magnitudes in a single flower-shaped optical field rotating with angular velocity w. The flower rotates
anticlockwise with w = +m / 4. In the simulation, the particles have a diameter of 2 um, a self-propulsion speed of v =

20 ums™t

,and an angular velocity of O = +m / 4 (anticlockwise, equal to the flower) for the blue particlesand Q = +m /

2 (anticlockwise) for the red particles. Panels (a—c) present sequences from the simulation, and panel (d) shows the number
of particles as a function of time in the flower’s area, which is marked by green circles in panels (a—c).

Results and Discussions

To investigate the behavior of an active particle in an
optical light field, a series of simulations was conducted
using an optical pattern composed of low- and high-
intensity regions. The light power of the optical field was
characterized by the parameter k = 20. The considered
particle was a 2 um diameter silica particle (n, = 1.59)
suspended in water (n, = 1.33), with its motion
recorded at 100 frames per second (fps) for 5 seconds. As
a baseline, the first simulation was performed for a purely
Brownian particle, i.e., without self-propulsion or angular
velocity. Figure 2 (a--c) shows the simulation sequences
over time. In the simulation, the particle starts its motion
in the low-intensity (black) region. When it reaches the
border between low- and high-intensity regions, it
undergoes an optical force due to the intensity gradient at
the boundary. The direction of this force is always toward
the high-intensity region as a result of the light gradient at
the interface. The maximum force exerted on the particle
is 237.66 fN. This amount is generally sufficient to keep
the particle in a high-intensity region, depending on the
light power, and prevents it from re-entering a low-
intensity region. Therefore, it can be concluded that a low-
intensity region in an optical pattern behaves as an
obstacle. When the simulation is repeated with only self-
propulsion set to v =5pums~! and the light power
parameter set to k = 5, the particle appears to re-enter a
low-intensity region because the maximum optical force
(86.166 fN) is too weak to prevent it, as can be seen in

Figure 2 (d--f). In the second simulation, the particle's
internal energy is high due to self-propulsion, and the light
power is too low to generate a strong intensity gradient
force. Therefore, under appropriate conditions, it can be
said that a low-intensity region behaves as an obstacle for
active Brownian particles.

In the following simulation, a mixture of chiral active
particles with opposite chirality was considered. The
optical pattern was designed as chiral flowers with
opposite chiralities, as implemented in [7, 27], providing
an accumulation of chiral particles with different
chiralities in distinct flower-shaped areas.

The dimensions of the flower pattern were
determined based on the particle diameter and the
expected trajectory radius of the particles. For example,
by ignoring thermal fluctuations, a chiral active particle
with a self-propulsion speed v and an angular velocity
follows a circular orbit with a radius R,.p; = v/Q. To
ensure that the particles remain inside the flower pattern,
the pattern radius should be larger than the expected
orbit radius. Other pattern parameters, such as the
number of petals, were selected based on the particle
diameter. Moreover, a detailed definition and similar
simulations for different particle sizes can be found in the
literature, as discussed in [27].

The simulation was conducted for 50 particles,
consisting of a mixture of 25 particles with an angular
velocity of Q = +m / 2 (anticlockwise) and 25 particles
with Q = —m / 2 (clockwise), all having a diameter of
2 um, a self-propulsion speed of v = 20 ums™!. The «
parameter was set to 20 for generating the optical light
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pattern, and the simulation was performed at 100 frames
per second (fps) for 100 seconds.

Figure 3 (a--c) shows sequences from the simulation.
Initially, the particles are randomly distributed in the
sample chamber, but over time, they accumulate in
accordance with the chirality of the flower pattern. When
observing the number of particles within the flower
patterns (see Figure 3 (d) and (e)), the number of particles
with Q = 4 / 2 chirality (the blue particles) increases in
the right flower. In contrast, the number of particles with
Q = —m / 2 chirality (the red particles) increases in the
left flower over time.

An advantage of using optical fields to influence
particle motion is the ability to avoid hydrodynamic
forces. Optical obstacles enable the creation and design of
more complex and time-varying structures. Thus, a
simulation with a flower-shaped optical pattern, where
the flower rotates with an angular velocity (w), was
conducted for the particles used in the previous
simulation. Figure 4 (a--e) presents the results of this
simulation.

At this point, the chiralities of the flower-shaped
patterns are important. When the rotation speed is high,
the influence of the pattern decreases. However, when
the chirality of the flower pattern matches the chirality of
the particles, a different accumulation effect is observed
in the sample chamber (see [28]). As seen in Figure 4 (a--
c), the density of the particles increases around the
rotating flower, in contrast to the accumulation inside the
flowers. Over time, the number of red particles (A = —m /
2) increases on the left side of the chamber, while the
number of blue particles (0 = 4+ / 2) increases on the
right side of the chamber. Figure 4 (d) and (e) show the
number of particles in the left and right sides of the
chamber, respectively. In addition, the gray lines in the
graphs represent the number of particles on the left and
right sides when the simulation was repeated without any
optical pattern. This simulation shows that chiral particles
spend more time around the rotating flower or any
obstacle that has the same angular velocity as the
particles.

During the study, many simulations were performed
with various rotational angular velocities of the pattern. It
was observed that when the rotation of the pattern is
slower than the particles’ angular velocity, the particles
accumulate inside the flower-shaped region. However,
when the rotation of the pattern is faster than that of the
particles, the influence of the pattern becomes inefficient,
and the particles move as if there were no optical field.
Moreover, the influence of rotation has been discussed in
[28] for physical obstacles used for crossing.

The last simulation presented above shows that when
the rotation speed of the flower-shaped pattern equals
the particles’ angular velocity, the particles do not
accumulate within the flower. In this manner, an
additional simulation can be designed to separate a
mixture of particles with the same chirality but different
angular velocities. For this purpose, 2 pum diameter
particles with a self-propulsion speed of v = 20 ums™?!

were considered, having angular velocities of 2 = +m / 4
(anticlockwise) for 10 particles (blue particles in Figure 5)
and 0 =+4m /2 (anticlockwise) for 10 particles (red
particles in Figure 5). The flower-shaped optical field was
positioned at the center of the sample chamber, with
petals exhibiting the opposite chirality to that of the
particles. The rotation speed (w) of the flower pattern was
adjusted to 2 = 4m /4 (matching that of the blue
particles). Thus, the pattern rotates relatively slower for
the particles with 2 = 4+ / 2, allowing the red particles
to accumulate within the flower. Figure 5 (a—c) shows
sequential frames from the simulation, while Figure 5 (d)
presents the number of particles as a function of time
within the flower region, where the particle concentration
is high.

Conclusion

In this study, the motions of active chiral particles
under an optical field were investigated by numerical
simulations. The results demonstrated that optical fields
can affect particles as both static and dynamic obstacles,
which considerably influence the trajectories and spatial
distribution of CABPs. It has been demonstrated that light-
induced potential landscapes enable selective control
over particle motion, allowing for tasks such as trapping,
guiding, and sorting based on physical properties like self-
propulsion speed and chirality. Especially, flower-shaped
optical patterns were found to effectively separate CABPs
not only with opposite chiralities but also with the same
chirality and different angular velocities under rotating
field configurations.

In particular, flower-shaped optical patterns
effectively separated CABPs with opposite chirality in
static and time-dependent field configurations. These
findings provide new insights into the complex interaction
between active matter and external fields, underscoring
the potential of optical manipulation for the controlled
self-assembly and separation of microswimmers in
various applications.

This work contributes to the understanding of active
matter systems. It offers a promising strategy for future
experiments to harness light fields to precisely control
self-propelled particles in biological, chemical, and soft-
matter environments.
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