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Optimization of A Single-particle Micropatterning
System with Robotic nDEP-Tweezers

Kaicheng Huang, Zhenxi Cui, Jiewen Lai, Bo Lu and Henry K. Chu*, Member, IEEE

Abstract—In this study, a system of automatic microparticle
patterning that could enable the separation, trapping, and trans-
lation of single microbeads in liquid suspension using negative
dielectrophoresis (DEP) tweezers was presented to form a single-
bead pattern. A microchip with integrated electrodes was flipped
and placed above the substrate through a micromanipulator.
Microparticles laying on the substrate could be displaced to
different positions relative to the electrodes on the microchip, and
only the selected particles would be trapped by the electric fields
generated from electrodes. Vision-based approaches were used to
evaluate the necessary information such as the gap distance and
the positions of electrodes and microparticles in the image. A
strategy for separating nearby particles was proposed to achieve
single-bead patterning with high accuracy. A controller was used
to guide the microparticles toward the position for trapping while
avoiding flow disturbance. Different strategies were simulated to
decrease the patterning time and find the minimum traveling
distance and find the best route of movement. The optimization
problem is NP-hard. Hence, global optimization algorithms such
as genetic algorithm, particle swarm optimization, and ant
colony optimization (ACO), were simulated, and the results
were compared with those of the local optimization method.
The comparison results showed that ACO obtained the best
performance among the methods. The strategy for constructing
high-quality microparticle patterns was also examined through
experiments. Orange fluorescent polystyrene beads suspended in
6-aminohexanoic acid solution were considered and successfully
patterned on a glass substrate by using the proposed system.

Note to Practitioners—Micropatterning is an effective tool
for pharmaceutical research and drug discovery. However, the
reliability of results depends on the quality of patterns. Existing
approaches such as microfluidic devices are limited to create
a pattern from one chip for single use and the entire process
is sealed and isolated from the environment. In this study, a
multi-electrode microchip combined with a vision-based micro-
manipulator is introduced to create a novel non-contact approach
for microparticle patterning, which offers high flexibility and
guarantees the quality of the constructed patterns. The electrodes
on the chip can be selectively energized to determine the shape of
the final pattern. A real-time screening is performed so that the
micromanipulator will only guide the particles in good condition
for selection. An optimization algorithm is implemented to aid
the particle selection with the electrodes, allowing high-quality
microparticle patterns to be constructed in a short time for
various applications.
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I. INTRODUCTION

M ICROPARTICLE patterning plays an important role in
the field of biology and pharmacy. In data analytics,

scientists successfully achieve fast testing and analysis with the
patterning of high-throughput biological particles. Research
on rapid immunoassay involves the arrangement of large
numbers of antibody structures in an array for testing [1].
Moreover, microparticle patterning combined with different
methods has an important contribution to bioanalytics. Zhou
et al. [2] applied the on-chip microarray with high-content
imaging to achieve single-cell analysis. Sims et al. [3] com-
bined polymerase chain reaction with a single-cell patterning
chip to analyze mammalian cells rapidly. Kim et al. [4]
examined the lipid inhibition activity with anti-obesity agents
by forming mouse embryo fibroblast cells in a pattern. Liu
et al. [5] used a microfluidic chip with poly(ethylene glycol)
microarray to hold the cancer cells in an array for drug testing.
Cell patterning is also a key problem needing a solution
in tissue engineering. Certain organs have a particular cell
arrangement in their function. For instance, hepatic lobule,
which is the building block of the liver, has a hexagonal
shape with hepatocytes (liver cells) arranged in radial lines
between interlobular veins. Hence, to construct an artificial
hepatic lobule, the hepatocytes should be seeded radially rather
than arbitrarily on a hexagon scaffold.

To achieve microparticle patterning, dielectrophoresis
(DEP)-based LOC devices are widely used is microparticle
manipulation, especially biological particles, such as cells
because pretreatments are unnecessary in the target particles.
Under a non-uniform electric field, electrically neutral mi-
croparticles can be polarized and result in the non-contact ma-
nipulation by using the induced force [6]. In micropatterning,
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Fig. 1. (A). Normalized DEP force versus position (B). Electric field
simulation of the microchip
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several groups [7]–[9] developed simple microfluidic devices
to create line and dot patterns with cells. Although different
micropatterns can be created with this method, the precision
and quality of the pattern cannot be guaranteed with the DEP
technology because of its an open-loop system. The electrodes
used in generating electric fields can only be turned on or off
without any other control option. Therefore, the flexibility of
the DEP technique is very limited.

Research on extending the functionality of the DEP-based
microfluidic devices is known as light-induced DEP. Light
beams are used to induce electric fields from a pair of pho-
tosensitive semiconductors rather than those from fixed metal
electrodes. The location of focused light beams can be changed
to adjust the induced electric field inside the microfluidic
device and facilitate the transport of microparticles. Through
the creation of different light patterns, multiple particles can
be manipulated simultaneously for various functions like cell
sorting [10], storing [11] and forming different microparticle
patterns [12]. This technique can be applied to both non-
biological particle [13] and biological cell [14]–[16].

Similar to light-induced DEP, the use of optical-tweezers
is a micromanipulation technique that relies on the utilization
of robotic-aided light beams in the creation and manipulation
of optical traps, which can manipulate the microparticles
without physical contact. Microparticles such as biological
cells, biomolecules, and polystyrenes (PS) beads can all be
manipulated with optical-tweezers [17]–[20]. To manipulate
a microparticle precisely in a non-contact manner, the mo-
tion control of a particle through optical-tweezers is widely
investigated. Xie et al. [18] derived a simplified dynamic
model for translation and rotation control of a biological cell
through optical-tweezers, and experiments were performed to
demonstrate the effectiveness of the model. Ju et al. [21]
considered using a rapidly exploring random tree algorithm to
generate an appropriate path for cell translation with optical-
tweezers to address the disturbance problem in dynamic so-
lutions. Yang et al. [22] performed translation for a group of
cells during the cell surgery and cells were kept in a group
while avoiding collisions. Xiang et al. [23] elaborated the

dynamic cell model and combined with the dynamics of a
robot manipulator so that the precision during manipulation
can be further enhanced. Different controllers were designed to
resolve different challenges, such as liquid with high Reynolds
number [24], uncertain trapping stiffness [25], and small
disturbance [26].

In this study, a low-cost print circuit board (PCB) microchip
was used as multiple nDEP-tweezers to generate numerous
electric fields for the simultaneous trapping and manipulation
of microparticles. Given the economical manner of fabricating
the microchip, the electrode design in the microchip can be
changed easily to facilitate the requirement. Compared with
conventional microfluidic DEP devices, precise control can
also be realized with the help of a 3D movement platform
in an open environment. In the previous work, a microchip
with a 4 × 4 dot electrode array was designed and used to
create different cell patterns. By selectively energizing any of
the 16 ring-like electrodes, the cells were clustered underneath
each energized electrode to form different patterns on a glass
substrate via DEP [27]. The microchip was inversely mounted
on a sliding rail, and the substrate on the motorized stage can
be arbitrarily moved with respect to the microchip to ensure
that large patterns can be constructed with the cell clusters
[28]. Given that the electrodes do not require patterning on
the substrate, they can offer high flexibility in the patterning of
cell clusters on any kind of biocompatible material substrate
[29]. In this study, the system was modified for use in the
creation of patterns with single-beads only. Given that the
process involves the selection and control of microbeads,
an optimization scheme was incorporated to construct high-
quality single-bead patterns efficiently. Micro PS beads with
fluorescent colors were considered to conduct experiments.
The beads were randomly suspended in an aqueous medium.
The electric fields were generated from the electrodes to trap
and dispense the selected bead on a glass substrate and form
a microbead pattern.

The paper is organized as follows. The setup of the entire
robotic system and materials used in the experiments are
provided in Section II. The vision-based algorithms in this
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Fig. 3. Microbead patterning procedure: (A). Microbead solution is placed on the substrate, and the microchip is moved down to the substrate with a 200µm
gap (B). Substrate is moved by the platform to transfer beads beneath electrodes, and the individual electrode pairs are then energized to hold the beads (C).
Substrate is continuously moved by the platform until all the selected electrodes have with beads (D). Substrate is finally moved such that the patterned beads
are transferred to the clean area without other redundant beads

automated system and experimental protocols in single-bead
trapping and patterning are described in Section III. The steps
in implementing global optimization methods for use with the
patterning system and three global optimization algorithms
(ant colony optimization [ACO], particle swarm optimization
[PSO], and genetic algorithm [GA]) are discussed in Section
IV. The results and discussion of the system performance are
presented in Section V. Finally, a summary is given at the end
of this article.

II. SYSTEM SETUP

A. Principle of DEP
The main component of the system is a multi-layer mi-

crochip that uses the DEP technique to create non-uniform
electric fields through the electrodes located at the different
layers for microparticle manipulation and trapping [27]. The
results in Pohl [6] indicating that all particles could be
polarized in a spatially non-uniform electric field. The dipole
induced in the particle leads to a net DEP force that drives the
particle in a non-uniform electric field environment. The force
acting on a spherical microparticle, FDEP can be evaluated
as follow:

FDEP = 2πr3εm ·Re[K(ω)] · 5E2 (1)

where r is the radius of the particle; εm is the permittivity
of the suspending medium; 5 is the Del vector operator, E
is the gradient of the electric field and Re[K(ω)] is the real
part of the Clausius-Mossotti factor that can be calculated as
follows:

K(ω) =
ε∗p − ε∗m
ε∗p + 2ε∗m

(2)

where ε∗p and ε∗m are the complex permittivity of the particle
and suspension medium, respectively. According to Equation
1, the strength of the DEP force is proportional to the gradient
of the electric field, which is related to the input voltage and
the particle position with respect to the electrode. Therefore,
increasing the voltage or reducing the gap between the elec-
trode and the substrate can help improve the DEP force acting
on the particles for manipulation.

The direction of the force acting on the particle is dependent
on the gradient of the electric field and relative polarizability
between the particle and medium. The relative polarizability is
based on the electrical properties of the medium and particle
(conductivity and relative permittivity). The phenomenon of
particles moving from the weak electric field toward the strong
part is called positive DEP (p-DEP) whereas moving in the
opposite direction is referred to as negative DEP (n-DEP).
Given that the microchip is inversely held against the substrate,
the n-DEP force is required to drive the beads toward the
substrate underneath the electrodes to arrange and pattern the
beads onto the substrate. On the basis of the experimental
results in our previous study [30], the the signal frequency in
this work was set at above 8MHz to induce the n-DEP force
in the PS beads while avoiding electrolysis.

B. Design of the micropatterning system

The microchip design can effectively generate ring-like elec-
tric fields within the microenvironment to drive the surround-
ing microparticles toward the center of each electrode and
subsequently form patterns onto the substrate in our previous
study [27]. It consists of 16 circle-surrounding electrode pairs
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Fig. 4. Microchip setting procedure: (A). Microchip is immersed in the solution from a higher place while the lens is focused lower than the surface of
substrate; wait for the microbeads to sink (B). Lens is then moved upward with a small increment each time to focus on the surface with beads in a high
value of sharpness (C). After locating the position of microbeads, lens is moved upward with a 200µm distance (D). Microchip is continuously lowered until
the image sharpness reaches the maximum (E). Focused image of the microbeads (F). Focused image of the microchip

which was fabricated using the conventional PCB technique.
However, a single microchip is still unavailable for precise
micropatterning. A robotic-aided method is introduced to
resolve this problem and ensure that controllers can be applied
to the microchip. Several key modifications were made to the
system in this study. First, the spacing between electrodes in
the microchip was set to 700µm to prevent possible inter-
ference from nearby electrodes. The electric field simulation
of the new microchip is shown in Fig. 1B. A large spacing
guaranteed the movement of microbeads between electrodes.
The microchip was mounted on a 3-DOF micromanipulator
through a chip holder, which is fabricated with a bending
rod and the 3-D printed part to provide precise alignment
between the microchip and substrate surface. A vision-based
algorithm was applied to the system for the precise positioning
of the microchip at 200µm above the substrate by monitoring
the image sharpness. The correlated movement between the
microbeads and microchip was induced by the motorized
platform of the microscope to maintain the microchip within
the region of interest (ROI). Moreover, the platform position
could be controlled by using a computer. The microscope
system Leica DMi8 model was used for inspection. A glass
substrate was placed on the motorized platform stage in the
microscope system to position the glass substrate underneath
the microchip for bead translation. A motorized vertical stage
was used to adjust the objective lens. To control the on-off
switching of individual electrodes for the selective trapping
of microbeads, the relay controlled by the Arduino board was
used to energize the electrodes and induce the electric field.
A control interface was developed using the C++ program,
which can display images from the microscope to facilitate

the coordinated movements between the micromanipulator,
motorized platform, and vertical stage. The complete setup
of the automatic bead patterning system is shown in Fig. 2.

A separation method was developed to achieve single-
bead patterning and manipulate the targeted bead toward
the desired position with respect to the electrode such that
the nearby beads could be repelled by the electric field. To
avoid the local electric field minima of other electrodes from
influencing the target bead, path planning was incorporated
for bead manipulation. A PID controller was applied to the
system to guide the target bead in following the planned
path. To avoid finding the local minima in the optimization
process of selecting the beads for trapping, global optimization
methods were considered, and their performance was analyzed
through simulation. A series of simulations and experiments
was performed to examine the effectiveness of the separation
method, patterning strategy, and bead positioning with control
algorithm. To test the robustness of the system, two different
PS beads (40µm in diameter with orange fluorescent and
125µm in diameter with green fluorescent) were used in the
patterning experiments.

C. Materials in the experiments

PS beads were considered to create different patterns on
the glass substrate. During the experiments, the microbeads
that gradually sunk to the bottom due to gravity resulted in
a strong adhesion force that resisted movement. To minimize
the effect, 6-aminohexanoic acid (AHA) solution was used
as it provides a higher buoyancy force than DI water while
maintaining low conductivity and avoiding the phenomenon
of electrolysis [28]. Given that PS beads have a density of
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1.05g/cm3, the AHA solution was adjusted to 2.8M to increase
the density (ρ = 1.0798g/cm3). The bead concentration is one
of the important factors as it controls the ratio between the
beads and the electrodes in the current view for patterning.
If the concentration is too high, the distance between beads
would be decreased and many of the beads could not be
selected for patterning. In this study, the concentration of PS
beads in the solution was set to 0.02%w/v.

Furthermore, changing the properties of the substrate also
helped decrease the adhesion force [28]. As the glass slides
were used as the substrate for bead patterning, the glass
substrate was treated in an expanded plasma cleaner (Harrick
Plasma, USA) for 10s prior to experiments to induce polar
functional groups and change the surface property from hy-
drophobic to hydrophilic.

III. EXPERIMENT PROTOCOL

The PS beads in the AHA solution were used, and a
droplet of the solution was dispensed on the substrate. The
microchip was lowered to be immersed in the medium at
200µm above the substrate (Fig. 3A). The height of the
microchip was precisely controlled through visual feedback.
A detection program was used to obtain the relative positions
and shape of electrodes and PS beads within the field. Global
optimization was applied to the position information to com-
pute the optimal strategy for trapping the microbeads. Through
the movable stage and at a speed of 20µm/s, the microbeads
were manipulated toward the bottom of each electrode for
trapping. Depending on the pattern, the electrodes on the
microchip could selectively be energized and turned on to
hold the microbeads (Figs. 3B and 3C). Tracking control was
applied to the stage to ensure that the microbeads would follow
the planned path. After bead trapping, the microchip with the
microbead pattern was transferred to a clean region, and the
electrodes were de-energized to release the beads onto the
substrate (Fig. 3D).

A. Microchip positioning with focus measure function

The experiment required the microchip to be located at
200µm above the glass substrate. Therefore, an image-based
method was used for height evaluation, as shown in Fig. 4.
First, the objective lens was adjusted to focus on the surface
of the glass slide (Figs. 4A and 4B), wherein the microscope
image could show the beads adhering to the surface in focus
(Fig. 4E). Second, the objective lens was repositioned to focus
at 200µm above the glass substrate (Fig. 4C). The micromanip-
ulator was adjusted to move the microchip toward the substrate
surface (Fig. 4D). By continuously monitoring the microscope
images, the micromanipulator would stop until the microchip
in the image was in focus (Fig. 4F). To determine if the image
was in focus, the sharpness evaluation method was used to
detect the image.

B. Detection of the microchip electrodes and PS beads

Given that the system needed to transfer the PS beads to the
bottom of the electrode for trapping, a program was developed

1 2 3 4

x

y
 (A）  (B）

5 6 7 8

9 10 11 12

13 14 15 16
400μm

Fig. 5. Images of the microchip under the microscope using (A). transmitted
light and (B). reflected light with electrodes labeled by the program with white
circles

to detect the position of the electrodes and all the beads
presented in the image. During the experiments, fluorescence
images were used to monitor. The PS beads and background is
maintained in a dark environment. Since the microchip became
invisible in the dark, the bright-field images were overlaid to
aid the detection of electrode positions. The relative position
between the electrode and PS beads could be determined with
this information.

To evaluate the positions of electrodes, the color images
from the microscope were first converted into grayscale and
then turned into binary for image processing. The fine details
were smoothened using the Gaussian filter, and the image
noises were removed via morphological operations. With the
limited field of view of the microscope, certain electrodes
may only be partially captured, as shown in Fig. 5A. To
separate the electrodes from the background, the pixels in the
image were grouped into multiple regions. The largest region,
which belongs to the common electrode, was neglected and the
remaining regions were labeled accordingly as electrodes 1 to
9. To evaluate the topological information of these regions,
the contours were extracted using the algorithm proposed
by Suzuki et al. [31]. This algorithm can predict the entire
geometry even if only partial information is provided, and the
centers and radii of individual electrodes can be calculated, as
shown in Fig. 5B (white lines).

C. Patterning procedure

Individual electrodes were energized to perform single-bead
patterning and trapping. The beads were sequentially moved to
the bottom of the electrodes. The energizing sequence would
follow the number as shown in Fig. 5B. The procedure is
illustrated using Fig. 6. First, the position of the electrodes
and all beads within the image were located (small dots in
Fig. 6). Second, the bead separation algorithm was employed
to find the optimal trapping position for each bead. Any
inseparable beads would remain uncounted in patterning.
During patterning, all the separable beads and their respective
optimal trapping position would be considered to determine
the trapping sequence, which could minimize the moving
distance. The selected beads for patterning (red dots in Fig.
6) would be trapped and patterned in sequence. Through
the motorized platform of the microscope system, the whole
substrate was driven and the first chosen bead was manipulated
toward the first electrode for trapping (shown in Fig. 6A).
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The substrate along with other suspending beads was moved
together to ensure that the chosen bead was positioned within
the electrode (shown in Fig. 6B). The electrode was then
energized to hold the bead via the DEP force (Fig. 6C). The
procedure was repeated until all the electrodes were utilized
in patterning.

The concentration of PS beads in the solution was highly
correlated to the number of beads present in the field. When
the concentration was low, the number of beads in the field
of view might be insufficient in providing beads for every
electrode. In this scenario, the platform would continuously
move in the upward direction (image) to search for addi-
tional beads and compensate for the remaining electrode.
Although this approach might take a long time to complete
the patterning process, using high concentrations could help
provide additional beads in the selection at the initial state
of trapping. However, increasing the concentration would
also lead to the likelihood of beads becoming close to one
another. Guaranteeing that only one bead would fall within the
boundary of the electrode could be difficult and many beads
would be counted as inseparable beads and not considered.

D. Bead separation for single-bead trapping

Ideally, only one bead should be allowed to flow in and
be trapped by each electrode. However, as discussed, nearby
beads could also be trapped by the same electrode. To avoid
this problem, the electric field at the boundary of the electrode
could be used for effective bead separation. The relationship
between the normalized DEP force and distance to the center
of the electrode is shown in Fig. 1A. This figure shows that the
highest electric field occurs at the boundary, and the strength
of the electric field decreases while moving away from the

boundary. The direction of the DEP force changes significantly
from the inner and outer sides of the boundary in an electrode
with a radius of the 200µm, to provide the maximum force
for the bead repulsion in opposite direction.

Consider an image with a number of beads presented,
as shown in Fig. 7. For each bead, determining all the
possible positions that can guarantee single-bead trapping was
necessary. First, the position of each bead was evaluated in
this algorithm using the binary image. Second, one bead was
selected at a time and an ROI of 800× 800, which can fit the
entire electrode, was drawn to enclose the bead at its center.
The image was transformed into a binary image (as shown in
step 1 of Fig. 7). The selected bead was converted into the
dark (i.e., change from 1 to 0) to avoid interference during
convolving. Then, a circle kernel with a radius of 200µm
was used as the template and convolved to the ROI. The
convolving operation would give a “1” output only if beads are
absent in the circle, and the output image was produced. After
the operation, the possible positions for bead separation are
presented in Fig. 7 (white area). Such possible positions could
be used for placing the electrode center in the optimization
algorithm.

To further illustrate the concept, the output image obtained
from Fig. 7 was overlaid with the fluorescent image, as shown
in Fig. 8A. The selected target bead was encircled in yellow.
Within the white area, an electrode with 200µm radius could
be drawn to enclose the target bead, and no other bead was
present for trapping. Different situations of bead separation
were also used for illustration. Fig. 8B shows the scenario
where two possible positions are available for bead separation.
Fig. 8C presents the importance of finding the white area. If the
electrode was placed outside the white area, then the target and
nearby beads would likely be trapped by the electrode. If the
electrode center was moved to the white area, the two beads
could be separated at the boundary. Fig. 8D illustrates the
scenario that no possible position can be detected for a selected
bead. More than one bead could be captured in the process of
trapping this bead. Hence, this bead would be ignored in the
optimization algorithm.

E. Single-bead patterning with path following

When the target bead is guided toward the electrode for
trapping, it may enter into the electric field zones generated
by other electrodes. The electric field in these zones could
repel the bead to other positions. Desired trajectories were set
to avoid this interference. To ensure that the bead follows the
desired path and reaches the desired position precisely, a PID
controller was used for path tracking as follows:

c(t) = Kpe(t) +Ki

∫ t

0

e(τ) dτ +Kp
de(t)

dt
(3)

where e(t) = xd(t) − x(t) is the position error between the
desired tracked bead xd(t) and the actual tracked bead position
x(t). To accelerate the time in evaluating the actual position
of the bead in the next step x(t + 1), only a small local
region was drawn at the current bead position and then used
to search for the new bead position. To ensure a satisfactory
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tracking performance, the bead movement at each time frame
was limited to 5 pixels.

During the operation, the energizing of each electrode led to
the trapping of beads by certain electrodes during its guidance
of another bead to the next electrode. As shown in Fig. 1A, the
effective trapping region was within xo = 200µm, which was
similar to that of optical tweezers [32]. Therefore, an analo-
gous controller must be designed to fulfill the requirement of
holding the patterned beads in the trapping zone. The input
for the system is expressed as follows:

u(to) =


c(to), |c| < xo (4a)
xo, c ≥ xo (4b)
−xo, −c ≤ −xo (4c)

IV. PATTERNING STRATEGY

In contrast to conventional problems that moving multiple
beads to multiple traps, the movement through the stage would
translate all beads simultaneously (Fig. 6). In other words,
moving one bead to the trap would change the positions of
the remaining beads with respect to the electrodes and the
subsequent planning.

In a set of electrodes k and a number of beads n (k ≤
n), the initial positions of the beads in the field of view are
expressed as p[1] = {p[1]1 , p

[1]
2 , ..., p

[1]
n }. The position errors

between the particles and electrode 1 were obtained with e1 =

{e[1]1 , e
[1]
2 , ..., e

[1]
n }. After transferring bead i to the bottom of

electrode 1, the particle positions in the field of view were
determined by using p[2] = {p[2]1 , p

[2]
2 , ..., p

[2]
n }, where {p[2]1 =

p
[1]
1 − e

[1]
i , ...p

[2]
i = p

[1]
i − e

[1]
i , ..., p

[2]
n = p

[1]
n − e[1]i }. After k
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Fig. 9. Problem description with DFS patterning method: (A). Movement of
the closest bead will increase the minimum move distance in the next step
(B). Movement of the second closest bead will reduce the minimum move
distance in the next step

steps, all the selected electrodes would be trapped with a bead
and the total moving distance of the motorized platform L is:

L = e
[1]
i1

+ e
[2]
i2

+ ...+ e
[k]
ik

(5)

where ik refer to the bead i at the kth step.

A. Distance-First Search (DFS)

The minimum moving distance Lmin must be determined to
reduce the patterning time. DFS is a simple strategy for finding
the beads that are correspondingly nearest to the electrodes.
The minimum distance error in each step is calculated as
follows

Lmin = e1min + e2min + ...+ ekmin (6)

At each step, the Euclidean distances between the center
of the electrode to be energized and all of the beads in the
field were calculated to find the nearest bead. After the bead
was transferred to the electrode underneath and trapped, the
distance between the next electrode and the remaining beads
were updated to find the nearest bead. The procedure was
repeated until all selected electrodes were energized.

Given that the position of the particles in step i was eval-
uated with respect to the previous state {pi = pi−1 − ei−1

min},
the minimum distance eimin in state i would be influenced
by the previous movement. Thus, the total moving distance
traveled by the platform might not necessarily be the shortest
one (global minimum) though the minimum distance could be
found in each step (local minimum).

This problem is illustrated in Fig. 9. In Fig. 9A, L1 is
slightly larger than L2. According to DFS, bead 2 was moved
first, and the distances from beads 3 and 4 to the center of
the next electrode increased from L3, L4 to L3A, L4A. By
contrast, if bead 1 was moved first, as shown in Fig. 9B,

then L3, L4 would decrease to L3B , L4B . The total moving
distance LB = L1 + L3B in the second scenario was smaller
than that in the first scenario LA = L2 + L4A. Therefore,
a global optimization algorithm is necessary to find the best
patterning sequence. Different global optimization strategies
were considered and described below.

B. Ant Colony Optimization (ACO)

Algorithm 1 ACO for Bead Trapping Selection
Input: f(x): cost funtion; pb: position of all beads in field;

ne: number of electrodes; nb: number of beads;
Output: optimal x∗ ∈ pb

1: procedure MAIN
2: label the beads pb with integral number
3: initial randomly set particle pb 1 as the starting point

for ant k ∈ m
4: repeat
5: for ∀k ∈ m do
6: for i = 1 to ne do
7: choose the next particle pb i with the prob-

ability, calculated by the elicitation factor (α), heuristic
factor (β), and the evaporation coefficient (ρ);

8: end for
9: end for

10: for ∀k ∈ m do
11: calculate the distance Lk though f(x) with the

record route;
12: record the best route Rbest;
13: end for
14: for ∀k ∈ m do
15: for i = 1 to ne do
16: update pheromone τr,s according to the

distance Lk;
17: end for
18: end for
19: until END CONDITION
20: end procedure

The ACO algorithm is a multi-agent method inspired by
the behavior of real ants. Biological ants communicate to
encourage the following ants to stay close to the previous
moves while laying down pheromone trails for the others. This
type of communication helps the ants find the shortest path
to the food with a feed-forward strategy. In this algorithm,
each artificial ant functions as an agent in the system. To
apply the algorithm to this work, the microbeads laying on a
planar surface are treated as the places with different position
coordinates and labeled with an integer number. The artificial
ants need to find the shortest route to pass through several
of these places depending on the number of electrodes in
the microchip. To find the shortest path, artificial ants were
arbitrarily placed in one of these places in the beginning. In
each iteration, the artificial ants moved to another place on
the basis of the old pheromones to create a new pheromone.
Once the movement was accomplished, the positions of the
places would be updated based on the previous movement.
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Meanwhile, the previous places for each ant would be recorded
and blocked to prevent them from re-entering the previous
places. After several iterations (depending on the number of
electrodes), the best route was recorded and the pheromones
were upgraded. A summary of the pseudo-code is presented in
Algorithm 1. The set of ants m is equal to 500. The elicitation
factor (α), heuristic factor (β), the evaporation coefficient
(ρ) are 1, 5, and 0.1, respectively. The maximum number of
iterations for the end condition is 20.

C. Particle Swarm Optimization (PSO)

Algorithm 2 PSO for Bead Trapping Selection
Input: f(x): cost funtion; pb: position of all beads in field;

ne: number of electrodes; nb: number of beads;
Output: optimal x∗ ∈ pb

1: procedure MAIN
2: label the beads pb with integral number
3: for each particle ∀i ∈ m do
4: create m ne-dimension particles and initialize ve-

locity and position for the particle i
5: end for
6: repeat
7: for each particle i do
8: update the velocity and position of particle i

within the velocity limitation [Vmin, Vmax]
9: calculate the distance Lk though f(x) of par-

ticle i;
10: end for
11: for each particle i do
12: update the best position of particle i
13: update the best position of the whole swarm
14: end for
15: until END CONDITION
16: end procedure

PSO is a computational method that optimizes the entire
population of individuals (particles) rather than only on a sin-
gle individual. Each particle in the swarm was defined with its
position and velocity, and the algorithm moved these particles
around in a given search space to establish the best outcome.
During the iterations, each particle updated its position on the
basis of the best position it visited (local best) and the best
position among all the particles in the swarm (global best).
In this experiment, the PS beads presented in the image were
labeled with an integral number. With nine electrodes on the
microchip, numerous artificial particles with nine-dimensional
vectors were randomly placed within a field with different
velocities. In each iteration, the positions and velocities of the
particles were updated and the total moving distances were
calculated. The best positions for each particle and the entire
swarm were recorded for the next iteration. A summary of
the pseudo-code is shown in Algorithm 2. The number of
the swarm m is 30 × nb. The velocity range is set between
Vmin = −0.9×nb (lower bound) and Vmax = 0.9×nb (upper
bound). The number of generations is 3000.

Algorithm 3 GA for Bead Trapping Selection
Input: f(x): cost funtion; pb: position of all beads in field;

ne: number of electrodes; nb: number of beads;
Output: optimal x∗ ∈ pb

1: procedure MAIN
2: label the beads pb with integral number
3: encode the beads into chromosomes
4: randomly generate m initial individuals
5: repeat
6: generate new population by crossover and mutation

with the probabilities of crossover Pcro and mutation Pmu

7: calculate the distance Lk though f(x) of each
individual;

8: replace the low-distance individuals in the old
generation with the high-distance individuals in the new
generation

9: until END CONDITION
10: Decode the chromosomes into the beads
11: end procedure

D. Genetic Algorithm (GA)

GA is a metaheuristic method inspired by the process of
natural selection, wherein the best individuals are selected for
the reproduction of the next generation. This approach belongs
to the class of a random-based evolutionary algorithm and
commonly used to generate high-quality solutions for opti-
mization and search problems by performing three bio-inspired
operations, namely, mutation, crossover, and selection. This
algorithm repeatedly modifies a population of individual solu-
tions. Each solution has a chromosome containing the features
that define an individual and a fitness value that represent the
quality of the solution. The beads for patterning are labeled
with integral numbers and encoded into the chromosomes. In
each iteration, the chromosomes are processed with crossover,
mutation, and selection to generate a new population. The total
moving distances for each individual are calculated to ensure
that the low-distance individuals in the new generation will
be selected to replace the high-distance individuals in the old
generation. Finally, the generation will leave the individuals
with good performance and the best one will be selected
and decoded. A summary of the pseudo-code is presented in
Algorithm 3. The number of the individuals m is 100 × nb.
The initial population size is randomly selected and roulette
selection is used for chromosome selection. The probability
for crossover Pcro and the mutation rate Pmu are 0.8 and 0.3
respectively. Mutation of real-valued population is used for
chromosome mutation and multiple-point crossover is used for
recombination. The number of generations is set to 200.

V. RESULTS AND DISCUSSION

Simulations and experiments were conducted to examine the
performance of the system for single-bead patterning. First,
the selection of the platform velocity in the bead trapping
efficiency was tested. Since a PID controller was used to
enhance the microbead for path following, the accuracy of
the final bead position with and without PID control was also
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investigated. To find the most suitable optimization algorithm
for high-efficiency PS bead patterning, different methods,
including DFS were first simulated under various conditions,
including different numbers of PS beads and electrodes. On the
basis of the results, the best optimization strategy was selected
and adopted in the system. Different PS bead patterns were
constructed on a glass substrate to demonstrate the feasibility
and performance of the system. Finally, the system was tested
with different size microparticles to show its robustness.

A. Selection in the stage velocity

A PS bead is subjected to drag force while moving it
in an aqueous environment. During patterning, the microma-
nipulation system introduced a relative motion between the
microchip and substrate. As the substrate moves at velocity
V , it will create a motion in the fluid that follows a linear
velocity profile along with the channel height, h, as shown in
Fig. 10. At the boundary, the induced shear stress (τ ) acted
equally with and oppositely from the fluid and substrate, with
the following differential relation

τ = µ
∂V

∂y
(7)

where µ is the viscosity of the medium.
To hold the PS beads firmly, the shear force acting on the

beads must be equal to or less than the n-DEP force generated
from the microchip (τ ≤ FDEP ). Therefore, the maximum
velocity of the stage must satisfy the following equation:

M
Vmax

h
(2πr2) = 2πr3εm ·Re[K(ω)] · 5E2 (8)

Vmax = rhεm ·Re[K(ω)] · 5E2/M (9)

where M is mass of the particle, and 2πr2 is the surface area
of the half-spherical object.

According to Equation 9, if the height and medium electrical
properties are known, then the maximum velocity becomes
directly related to the square of the strength gradient of the
electric field. In the microchip simulation (shown in Fig. 1B),
the strength of the electric field was dependent on the distance
with respect to the electrode center and voltage input. Given
that the bead position could change over time, directly deriving
the maximum velocity from the equation would be difficult.
To find a suitable stage moving velocity in a given voltage
input, the relationship between the stage moving velocity and
input signal voltage was explored through experiments. First,
a voltage was supplied to hold a bead on a substrate, and the

F
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DEP force, F
DEP Shear stress, ττ

Y dimension

Velocity, VSubstrate

F
DEP τ

C S

V

Fig. 10. Force analysis of the PS beads in the system
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Fig. 11. (A). Maximum moving speed with different input signal voltages
(B). Relationship between the maximum velocity and voltage square

substrate on the stage began to move at an increasing speed
until the bead slides away.

The corresponding maximum velocity was recorded, and
the results using different voltages are shown in Fig. 11A.
The results confirmed that as the voltage increases, a higher
stage velocity can be used. The relationship between veloc-
ity and voltage input approximately followed the theoretical
correlation, as derived from Equation 9 (shown in Fig. 11B).
Based on the results, a high voltage input should be selected,
allowing the stage to move at the maximum speed and reduce
the patterning time. However, if the voltage is too high, it could
lead to a potential short circuit due to a dielectric breakdown.
In this work, the maximum stage velocity was set to 20µm/s
where the voltage input was set to at least 20V to prevent the
beads from slipping away from the electric field.

B. Single-bead patterning

To perform bead separation between two nearby beads
successfully, one of the beads must be positioned precisely
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within the electrode. The PID controller was used to guide
the bead to the desired position, and the parameters used in
the PID controller were as follows: control gain Kp = 0.6, Ki

= 0, and Kd = 0.001, and time constant Tf = 0.2s. Fig. 12A
shows that the absence of a PID controller in the manipulation
of beads obtained a position error of around 80µm even if
the velocity of the platform was set to 100µm/s. This large
error was mainly due to the shift or displacement between the
bead and substrate during movement. The error can be reduced
to almost zero with the implementation of PID control and
tracking. Fig. 12B shows the performance of the PID controller
in tracking a curve path with the platform moving at 20µm/s.
The bead could efficiently follow the desired path with an
average error of 5µm throughout the tracking.

Bead separation was then performed after the bead reached
the desired position. Beads at random positions were grouped
in pairs, and the performance in bead separation is shown in
Fig. 13. The initial distance between the two beads would
strongly influence the success rate of bead separation. If the
two beads have already adhered together, the two beads would
become inseparable, act as a single entity and be induced
only one net dipole. In the beads that are sufficiently close,
the interference from the beads would alter the electric field
distribution near the boundary of the electrode and cause a
shift in the crossover point (sign change in the DEP force)
and direction of the net dipole induced on the beads (indirectly
opposite to one another). The success rate of separation versus
the different initial distances is shown in Fig. 13. A high
success rate could be guaranteed if the initial distance between
the beads was greater than 40µm. This condition could be
satisfied when a low-concentration PS bead solution was used
in the experiments.

C. Optimization algorithm simulation

To examine the performance of the four optimization al-
gorithms, the algorithms were coded in MATLAB to per-
form simulations with a personal computer. Two important
simulation parameters, the number of beads and the number
of electrodes, were adjusted. In the first set, the number of
electrodes was set to 4 × 4, and the beads increased from
24 to 210 (Figs. 14A, 14B, and 14C). In the second set, the
electrode number increased from 2 × 2 to 8 × 8 (Figs. 14D,
14E, and 14F). The simulations were normalized to simplify
the procedure. The positions of the electrodes were first set
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Fig. 13. Success rate of bead separation at the different bead distances

through the number of array electrodes and distributed in a 1-
by-1 square. The beads were then randomly distributed. The
cost function was calculated on the basis of the positions
of electrodes and beads. The bead positions were updated
accordingly after each step. The performance of optimization
algorithms was analyzed on three aspects: the computational
time to find the solution (Figs. 14A and 14D), the total distance
traveled by the stage (Figs. 14B and 14E), and the total time
used to move particles into respective electrodes, that is, the
sum of the first two results (Figs. 14C and 14F). The results
in Figs. 14A and 14D show that increasing the number of
particles or electrodes will lead to a significant increase in
computational time in all the global optimization algorithms
(ACO, PSO, and GA). PSO would take the longest time to
find the solution whereas DFS was the fastest method. In
terms of the total distance traveled, Fig. 14B shows that if the
number of particles available for patterning is small, the global
optimization methods show better performance than the local
optimization method. However, when more particles were
available, the optimality of the solution found in GA and PSO
was not guaranteed. Only ACO could still find the best solution
(shortest distance) among the methods. Similar results were
also observed in Fig. 14E. When additional electrodes were
used for trapping, ACO could still find the shortest distance but
not in GA or PSO. The results also align with general findings
on different optimization methods. PSO is considered because
of its advantages of easy implementation and effectiveness for
optimizing a wide range of functions [33]. GA is preferred for
handling a small population. For a large population, the global
update approach in ACO will outperform other methods, with
the higher efficiency to converge to the best solution [34].

As the simulation on the distance traveled was normalized
according to the electrode numbers, to calculate the total time
needed to complete the entire procedure with an N × N
electrode array, the total time Tt can be expressed as follows:

Tt = Tc +
Lmin

V
× de

1/(N + 1)
(10)

where Tc is the computational time; Lmin is the total moving
distance; V is the velocity of the platform, which is equal to
20; and de is the distance between the adjacent electrodes,
which is equal to 1400µm. After conversion and calculation,
the total time, including the computation time and time re-
quired to move the stage, are plotted in Figs. 14C and 14F.
Similar results were found as the simulation results of Figs.
14B and 14E. The findings indicated that the performance of
the optimization result played a leading role in the total time
consumed in the entire procedure. For example, although it
would cost a significant amount of time to obtain the solution
shown in Figs. 14A and 14D, the optimality of the solution in
the ACO algorithm could help to shorten the stage’s required
distance to travel, and achieve the shortest time in completing
the entire procedure (Figs. 14C and 14F). This phenomenon
could be explained by Equation 10. In a smaller velocity, the
second part of Equation 10 would be larger than the first
part and dominate the equation. Hence, the application of
the proper optimization method is important to achieve high
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efficiency in bead-patterning and yield the optimal solution for
bead selection.

To further compare the performance of the different algo-
rithms, another simulation was conducted using a configura-
tion with 28 beads (Fig. 15A) and a 4× 4 electrode array. To
form the pattern of the character “D”, 10 out of 16 electrodes
(black circles shown in Figs. 15B-15E) were chosen as the
target electrodes in the cost function. Red stars represented the
bead, as selected from the algorithm after each step. The black
lines indicated the distance that each bead needed to move, and
the total distance was calculated and labeled in the figure. The
simulation result also confirmed that ACO demonstrated the
best performance among the four algorithms.

To further illustrate the concept of implementing the op-
timization algorithm for bead patterning, a simulation with
a 4 × 20 electrode array was used to generate a series of
characters. The results between ACO and DFS were compared.
The initial positions of the different beads are shown in Fig.
16A. The chosen electrodes were indicated in blue circles,

while the beads selected via ACO and DFS were exhibited
with black stars and purple crosses, respectively (Fig. 16B).
The simulation result showed that the ACO optimization
method offered a better result than the DFS with a large
number of array electrodes.

D. Verification of the automatic patterning program

The performance of the micropatterning system with the
implementation of the ACO algorithm was examined exper-
imentally. The PS beads in the AHA solution were used to
create patterns on the glass substrate, as shown in Fig. 17.
The position information of PS beads was evaluated in the
beginning. Based on the bead separation algorithm, the optimal
trapping position in each bead was calculated and recorded. In
any bead that cannot guarantee the successful implementation
of single-bead trapping, its information would be removed
and excluded in the optimization algorithm for calculation.
The remaining bead information was proceeded by the ACO
algorithm to find the optimal path in patterning. The electrode
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Fig. 17. Automatic patterning procedure of eight PS beads with divided form. Eight single 40µm beads can be patterned sequentially underneath the desired
electrodes (white circles)

positions were highlighted in white circles whereas the beads
selected by the algorithm were demonstrated in yellow circles
(Fig. 17A). The beads were then transferred to the center of
the electrodes sequentially along with the path created for the
PID following (Fig. 17B). The corresponding electrode was
switched on to hold the bead (shown in Fig. 17C). In case
the bead needs to be separated before trapping, the bead was
directed to the specific position as obtained from the separation
algorithm (Fig. 17D). By following the procedure, multiple PS
beads were successfully trapped using the selected electrodes

(Fig. 17E) and the bead pattern was transferred to a clean area
for the removal of the surrounding abundant beads (Fig. 17F).

VI. CONCLUSION

The scarcity of cell samples and high cost associated
with drugs led to the large demand for accurate single-
cell patterning. In this study, an electrode array microchip
with a design of 4×4 dot electrodes was combined with the
micromanipulation system to construct single-bead patterns
efficiently. Micro PS beads were selected for patterning on the
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glass substrate, which was controlled through the motorized
platform of the microscope. Image processing techniques
were used to extract information for position evaluation and
automatic bead selection. By controlling the relay, the specific
electrode can be energized and trap the beads, forming dif-
ferent single-microparticles patterns. The PID controller was
adopted to guide the bead to follow the desired path. To
avoid multiple beads from being trapped in one electrode,
a bead separation method was proposed on the basis of the
electric field distribution at the electrode boundary. To find the
minimum patterning time, the problem statement in patterning
was described and solved using different global optimization
methods (ACO, PSO, and GA). Although simulations showed
that GA and PSO are not effective for finding the optimal
solution in a large population, ACO can always achieve the
best performance. This finding indicated that the solution from
DFS is suboptimal, as compared with the best solution found
in the global optimization method. The ACO algorithm was
implemented in the system. The experiments confirmed that
the system could successfully pattern the PS beads on the
substrate. The adhesion force might cause failure when large
beads were used. Based on the findings, the proposed system
with the ACO algorithm could provide a low-cost, flexible, and
effective method using nDEP to create the single-bead pattern
for cell-based assays and characterization. This microchip can
also be easily adjusted according to the application. Compared
with conventional LOC devices, separating the microchip with
electrodes from the LOC device increases the flexibility of the
system and enable precise control and selective trapping for
single-particle patterning.
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