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Optoelectronic tweezers (OET) is a noncontact micromanipulation technology for controlling microparticles

and cells. In the OET, it is necessary to configure a medium with different electrical properties to manipulate

different particles and to avoid the interaction between two particles. Here, a new method exploiting the

interaction between different dielectric properties of micro-objects to achieve the trapping, transport, and

release of particles in the OET system was proposed. Besides, the effect of interaction between the micro-

objects with positive and negative dielectric properties was simulated by the arbitrary Lagrangian–Eulerian

(ALE) method. In addition, compared with conventional OET systems relying on fabrication processes

involving the assembly of photoelectric materials, a contactless OET platform with an iPad-based wireless-

control interface was established to achieve convenient control. Finally, this platform was used in the

interaction of swimming microorganisms (positive-dielectric properties) with microparticles (negative-

dielectric properties) at different scales. It showed that one particle could interact with 5 particles

simultaneously, indicating that the interaction can be applied to enhance the high-throughput

transportation capacities of the OET system and assemble some special microstructures. Owing to the low

power, microorganisms were free from adverse influence during the experiment. In the future, the

interaction of particles in a simple OET platform is a promising alternative in micro–nano manipulation for

controlling drug release from uncontaminated cells in targeted therapy research.

1. Introduction

Noncontact micromanipulation technology has been applied
to various research fields, such as the analysis of biochemical
processes and mechanistic studies.1,2 In general, noncontact
technologies involve the application of optical tweezers,3

magnetic manipulation,4–6 acoustic oscillation,7 or

dielectrophoresis (DEP) trapping.8,9 Among them, optical
tweezers have the advantage of nano-level manipulation
accuracy10 with 3D control and can be employed in various
applications11–13 due to the fact that they can trap
microparticles with optical gradient forces under the dynamic
control of an operating program. Therefore, the Nobel Prize
in Physics 2018 was awarded to the inventors of optical
tweezers. However, on account of high levels of optical power
required by optical tweezers, intense Joule heating would be
generated in their processor chips. Furthermore, their
applicability is limited under such specific conditions as
particle size. To overcome these limitations, optical tweezers
and DEP technologies can be combined to obtain
optoelectronic tweezing (OET), also known as optically
induced dielectrophoresis, which is proposed by Chiou
et al.14 for the first time. On the ground that photons, rather
than the direct photon-generated force, are employed in the
OET to control the application of DEP force, a smaller power
is required for the generation of trapping forces. Thus, it is
extremely challenging to achieve 3D manipulation in the OET
system. In addition, in OET systems, a fixed electrode
configuration is employed to obtain excellent manipulation
precision through the utilization of a projected micro-pattern
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on the chip, which makes them outperform the flexibility of
predesigned structures in conventional DEP systems. Since
the development of OET, it has been applied in various
engineering15–18 and related applications.19–23 For example,
OET has been applied to fabricate applications with superior
performance in the fields of energy storage and catalysis and
sophisticated electronic devices, such as 3-D hydrogel
microstructures containing different types of cells,24 graphene
macroassemblies,25 and MoS2 thin-film transistors.26

Benefiting from OET, these devices could be fabricated by
mask-free manners compared with photolithography and
other traditional micro-nano fabricated techniques.
Furthermore, an OET that contains a chip coated with the
titanium oxide phthalocyanine (TiOPc) can be utilized to
manipulate HepG2 cells,21 while OETs using lithium niobate
photoconductors have been used to create virtual electrodes
through modulated illumination.27 Meanwhile, it has been
verified that an OET-based microrobot can be employed to
select cells for RNA sequencing and other biomedical
applications.22 The OET is also adopted to analyze the relative
hardness of red blood cells28 and conditions that affect the
cell membranes of swimming Enterobacter aerogenes.29 The
above-mentioned applications contribute to broadening the
manipulation functions in the OET.

Although OET is a well-developed technology with
excellent precision and versatility for micromanipulation
purposes, there are certain potential shortcomings that
would limit its application in some scenarios. For instance,
in order to manipulate different micro-objects such as cells
and microorganisms, the different dielectric property of the
medium is required to configure. In addition, OET systems
are prone to the effects of electrokinetic mechanisms, in
which dielectric objects are polarized so that they are
subjected to either positive or negative DEP.30 While most
microorganisms and cells are subject to positive DEP, and
such objects as polystyrene microbeads are subject to
negative DEP. Table 1 presents the DEP-related polarities in a
medium of some micro-objects. Thus, the interaction of
particles may occur when two particles approach each other31

due to the laminar flow or non-flow of the medium in the
OET chip. When many particles may adhere to each other, it
would exert adverse impacts on the manipulation of particles
or cells in the OET. Although there are some studies about
the interactions between particles with DEP,32–35 the
interacted mechanism is not clearly explained. Especially,

there is no theory currently to explain the interaction
phenomenon in the OET system. Recently, Ai et al. have
simulated the particle-particle interaction with the arbitrary
Lagrangian–Eulerian method under DEP,36 which is a more
accurate analysis of the electrophoretic forces. Hwang et al.
have found the electrostatic interactions between two
particles in the OET.31 However, the interactions in the OET
are not fully explained by the simplified point dipole method,
and the microstructure deformation in an electric field is also
underestimated. For that reason, it is necessary to analyze
and control the interactions between particles in the OET
system and to reduce the trouble with medium
configuration.

In this paper, a novel control approach was proposed in
this research via exploiting the interaction between different
dielectric properties of particles, in an attempt to achieve the
trapping, transport, and release of micro-objects in the OET
system, as shown in Fig. 1a and b. The simulation was
performed on the effect of different dielectric properties of
particles in the electric field and the interaction between
particles by the ALE method, as shown in Fig. 1c and d.
These key factors affecting the interaction were analyzed. In
addition, a simple wireless OET platform was proposed with
the capability to manipulate swimming microorganisms and
micro-objects with differing dielectric properties at different
scales. The platform was wirelessly controlled and configured
in real-time with cloud data through an iPad interaction
interface, as shown in Fig. 1a. With the adoption of the OET,
positive-dielectric particles and microorganisms could
interact with the negative-DEP microparticles by the light
image in a microfluidic chip, as shown in Fig. 1b.
Furthermore, the interaction of micro-objects was
transported together to the target position. Through this
approach, some problems involving the special treatment of
microparticles were eliminated and the experimental
contamination was decreased. It is expected to be used for
drug release in targeted therapy research.

2. Results and discussions
2.1 Simulation of electric effects with single particle in OET

In the OET microfluidic chip, the light pattern induces the
generation of a non-uniform electric field. When a dielectric
particle is placed in a non-uniform electric field, the particle
is polarized and subjected to DEP forces,37 as shown in

Table 1 Polarities of particles subjected to dielectrophoretic force in OET medium

Types of micro-objects Medium in microfluidic chip Polarity of dielectrophoresis force

Polystyrene microspheres Deionized water Negative
Microrobot with Su-8 photoresist Deionized water Negative
Hydrogel Deionized water Negative
Erythrocyte Cell culture medium Positive
Cell Cell culture medium Negative
E. aerogenes Dilute PBS Positive
Euglena gracilis and spirulina Deionized water Positive
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Fig. 2a. The inside electric field generated by the polarizing
particles can be equivalent to a dipole moment composed of
two source charges (+q and −q). The dipole moment38,39 is
expressed as p = 4πεR3E (detail see the ESI† S1).
Subsequently, the particles will move in the medium. There
will be an interaction between the particle and flow field,40

such as Stokes's drag force. Here, a finite-element software
COMSOL 5.5 was introduced to simulate the coupled solid–
fluid–electric field. The ALE method41 was adopted to analyze
particle characteristics in the coupled field. A light-induced
dielectrophoresis model was applied to obtain the
distribution of the electric field, as shown in Fig. 2b. The
thickness of the medium space is 150 μm and the diameter
of particle and light pattern is 20 μm, respectively. The input
signal was a sine wave-shaped source (Vpp = 10 V, f = 2 kHz).
The domain Ω is divided into a mesh of quadratic triangular
elements. The particle surface and the channel wall have a
higher density of mesh. The mesh can generate again in each
step of the movement of the model to avoid the failure of the
dividing of mesh. The numerical solutions would be
converged when a relative error is smaller than 10−6 and the
number of mesh is more than 25 000 in each model.

Fig. 2c and d show the electric properties of different
particles and the distribution of electric fields in the medium

when a light pattern is projected on the OET chip (particle 1:
ε1 = 2.56, σ1 = 0.2 s m−1; particle 2: ε2 = 2.6, σ2 = 2 × 10−4 s
m−1; medium: εm = 80, σm = 2 × 10−2 s m−1). A strong electric
field region is induced in the center of the light electrode.
Then, the distribution of electric charges and electric
polarization vector (black arrows) in the particle are used to
analyze the different dielectric particle properties. These
positive and negative electric charges are assembled on the
opposite surface of the particle, respectively. The particle part
near the light pattern is exposed to a higher polarization
charge density than the farther part. It shows that a non-
uniform electric field induces a nonhomogeneous
polarization, equal to multipolar moment inside of particle.42

Thus, the particle will be repelled from the light pattern in
the n-DEP effect (blue arrows), and it will be attracted to the
light pattern in the p-DEP effect (see Movie S1†). Particles are
subjected to different DEP forces in this process. A light
pattern can be employed to manipulate these particles. The
particle pushed by the light spot in OET was also simulated,
as shown in Fig. 2e, (see Movie S2†). The light pushes the
particle from the left to right of the chip in the x-direction
(black arrow). The building OET platform was applied to
manipulate microparticles, as shown in Fig. 2f. As shown in
this figure, magnetic microspheres with diameters of 20 μm

Fig. 1 Conceptual overview of controllable interaction between micro-objects and application for transportation of microparticles via OET. (a) A
wireless OET manipulated platform with an iPad-based wireless-control. (b) Black arrow path: manipulation of positive-dielectric micro-object to
adhere it to negative-dielectric microbead, which is then moved to transport the micro-object and microbead together. Yellow arrow path:
manipulation of microorganism to adhere it to negative-dielectric microbead, which is then moved to transport the microorganism and microbead
together by light pattern. (c) The different micro-objects suffer a different manipulated effect (positive DEP or negative DEP) in an OET. (d)
Simulation of the interaction between micro-objects.
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are trapped by the light spot to move by a 10Vpp bias voltage
with an AC frequency of 100 kHz. It can be demonstrated
that the simulation results are consistent with the
experimental results. For these different dielectric particles,
the OET could achieve a different manipulated application,
such as the sorting of particles.43

2.2 Simulation of the interaction between particles

In the OET system, when two polarized particles approach
each other, they will interact with each other.44 Based on
that, an exploration was performed on an electric field
simulation of the interaction between two particles with
different dielectric properties (particle 1 and particle 2) and
the same dielectric properties (particle 2 and particle 2).
Fig. 3 presents the effect of different parameters on the
interaction of two particles prior to contact. The schematic
diagram of the interaction of both particles is shown in
Fig. 3a. l represents the distance between the centers of the
two particles. d represents the diameter of the particle. θ

represents the angle that one particle rotates around another

from a horizontal position. As shown in Fig. 3b, the dipole
moment image model is used to analyze the interaction effect
between two particles. Net dipole moment is expressed as

pe ¼ − P∞

n¼1
2 qndn þ q′nd′n þ qcλnξn
� �

. The mutual force is

express as Fm = (pe·∇)E (detail see the ESI† S1).
For the interaction effect, the position of the two particles

plays a key factor. The conventional dipole moment model
does not clearly present the dipole moment changing in the
interaction process. An exploration was performed on the
effects of the distance between two particles on the
interaction dielectrophoresis force, as shown in Fig. 3e. In
this simulation, the voltage was set as 10Vpp and the input
frequency was set as 2 kHz, respectively. According to
Newton's third law, the interacted forces between both
particles are equal in magnitude and opposite in direction.
DEP force of particle 1 was measured. The interaction
between particles will be weakened with the increased
distance between particles. When the particles are extremely
close, the interaction force is of the same magnitude as the
external electric field force. When the distance is beyond a

Fig. 2 The simulation of the electrical properties of particles with different properties in an electric field. (a) A dipole model of polarization
particle. (b) A 2D schematic view of a particle in a chamber. An external electric field is applied between ITO glass BC and AD. (c) The electric
potential and generated space charge density of particles with the negative property (particle 1: ε1 = 2.56, σ1 = 0.2 s m−1. Particle 2: ε2 = 2.6, σ2 = 2
× 10−4 s m−1. Medium: εm = 80, σ1 = 2 × 10−2 s m−1). (d) The electric potential and generated space charge density of particles with the positive
property. (e) The simulation of the movement of particles experienced n-DEP force based on the ALE method. The surface inside the medium is
electric potential (V). The surface of the particle is stress (N m−2). (f) Transported particles experienced p-DEP force in OET.
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threshold, the interaction effect could be ignored. In
addition, due to the random position of particles in the
medium, a simulation was performed on the direction of an
electric field force of the interaction between particles at
different positions, as shown in Fig. 3d–i. The distance
between both particles was set as 30 μm. The results show
that the magnitude of the force is constant and the direction
is changing at every position. Therefore, the forces are
characterized by the scattering in X- and Y-axes, as shown in
Fig. 3e and h. The changes of force direction are periodical.
When particle 1 has made one rotation around particle 2, the
change period of the force direction is 3. At the opposite
position of the rotated orbit, the direction of force is
opposite. The direction of the interaction force between
particle 1 and particle 2 is opposite to that between particle 2
and particle 2 at every position, which can also be
demonstrated by the space charge distribution and
polarization vector P (blue arrow), as shown in Fig. 3f and i.
It shows that the polarization of particle 1 and particle 2 is

opposite at the same moment of a period. The rotation can
be seen in Movie S3.†

The simulated process of interaction and contact between
two particles is also shown in Fig. 4a and b, (see Movie S4†).
The pink arrow represents the velocity of particles in the
interaction process. When the particles are attracted close to
each other, the velocity will increase with the increase of the
interaction force. Space charge distribution illustrates the
attracted phenomenon in the process of interaction. The
polarization direction of both particles is always pointing
towards each other. The interaction of these two polystyrene
microbeads is shown in Fig. 4c. Particles also generate a
rotation under the torque effect in the OET.

2.3 Interaction between particle and particle

To improve the ability of the platform to precisely manipulate
micro-objects so that they can control the interaction with
each other, different approaches were applied to manipulate

Fig. 3 Effects of the interaction between two particles in different positions. (a) Schematic diagram of the interaction between two particles. (b) A
dipole interaction model between two particles. (c) The relationship between DEP force and distance of two particles. (d) The direction of an
electric field force of interaction between positive and negative particles at different positions. (e) The x and y components force of interaction
force between positive and negative particles at different positions. (f) The distribution of space charge density of the two microparticles when the
positive particle interacts with the negative particle in different positions. (g) The direction of an electric field force of interaction between negative
and negative particles at different positions. (h) The x and y components force of interaction force between negative and negative particles at
different positions. (i) The distribution of space charge density of the two microparticles when the negative particle interacts with the negative
particle at different positions.
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microparticles with different dielectric properties. A
schematic of interaction between positive microparticles (red
sphere) and negative microparticles (blue sphere) is shown in
Fig. 5a. The negative microparticles are fixed and the positive
microparticles are manipulated to interact with them. In our
previous manipulation experiment in the OET,43 the
magnetic microbeads are subjected to a p-DEP force
(attracted to the light pattern), while the polystyrene
microspheres are subjected to a n-DEP force (repelled by the
light pattern). These two kinds of particles can interact with
each other.

In this experiment, the magnetic microspheres with 20 μm
in diameter and polystyrene microspheres with 50 μm in
diameter were inserted into the microfluidic chip full of
deionized water. The signal source was a 10Vpp bias voltage
with an AC frequency of 100 kHz. Subsequently, the OET
platform was employed to transport 20 μm positive dielectric
magnetic microspheres to interact with 50 μm negative-
dielectric polystyrene microspheres, as shown in Fig. 5b.
Followed by the trapping with the light spot, the magnetic
microspheres adhered to the polystyrene microspheres and
could be joined into assemblies of multiple microsphere
pairs. Magnetic microspheres were then trapped by the light
spot and employed to transport the combined adhered
particles at the velocity of 21.56 μm s−1, as shown in Movie
S5.† The manipulated force can reach 4.06 pN. When the one

polystyrene microsphere transports the two magnetic
microspheres to the target position, the velocity is 22.27 μm
s−1. Finally, the negative-dielectric polystyrene microspheres
were released from the positive-dielectric magnetic
microspheres after withdrawing the input voltage signal. As
shown in Fig. 5c, the speed of moving the non-adhered
particles is not much different from the speed of moving the
adhered particles. It indicates that adhered particles can be
transported more efficiently under the same conditions. In
addition, one particle can interact with different particles, as
shown in Fig. 5e. By control the interaction, particles do not
only form a chain. We could assemble some special structures
with different particles, such as microrobots. The maximum
number of the interaction of particles is 8. This relation is
also presented in Fig. 5d, in which the velocity of
transportation for a given input condition and illumination
power would not be significantly affected by the number of
adhering particles. Under this condition, the number of
adhering particles that can be transported can be increased
by adjusting the voltage and power, which implicates that one
particle can interact with multiple particles at the same time.

2.4 Interaction between microorganism and particle

Euglena gracilis, a versatile phototrophic protist, characterized
by the tolerance to many extremely external stresses, like acidic

Fig. 4 The interaction between two microparticles. (a) The velocity of the two microparticles in the interaction process. The purple arrow
represents the velocity vector. (b) The distribution of space charge density of the two microparticles in the interaction process. (c) The interaction
of the two microparticles in the OET system.
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growth conditions,45 has been employed for application-
driven.46 Similarly, spirulina has been extensively employed for
some purposes, such as drug delivery,47 and the preparation of
special materials.48 To assess the applicability of the OET
platform in achieving the interaction between microorganisms
with complex shapes and particles, swimming E. gracilis and
microspirulina were selected as agents to interact with particles
and achieve the transport and release of particles at the target
position. Due to the microorganism is swimming and the shape
is more complex than the microbeads, to precisely manipulate
the interaction between microorganisms and microparticles,
the direction of alignment of E. gracilis along the vertical plane
was adjusted via changing the input frequency, as shown in
Fig. 6a. In this figure, θ represents the angle of the
microorganism relative to the bottom substrate. In the OET chip
environment, E. gracilis will principally be affected by torques
from dielectrophoresis, viscosity, and gravitational forces. Based
on the shape of E. gracilis, the angle in the vertical plane of the
organism relative to the bottom substrate can be calculated as
follows:

cosθ ¼ d
L

(1)

where L represents the length of E. gracilis and d represents its
projected length along the bottom substrate, which can be
measured with a microscope ruler.

The relationship between the applied frequency and the
orientation of the E. gracilis can be obtained by altering the
frequency over the range of 1 kHz to 60 MHz. As shown in
Fig. 6a, at frequencies of 100 kHz, 10 MHz, and 60 MHz in
deionized water, the angle in the vertical plane of the
organism relative to the bottom substrate is 90°, 50°, and 0°,
respectively. These results indicate that, with other
conditions remain constant, the dielectrophoresis torque
would initially increase with freqency49 and then, after
reaching a threshold, decrease with frequency. It means that
the working frequency range is 100 kHz to 1 MHz for this
microorganism. The relationship between manipulated DEP
force and input frequency is shown in Fig. 6b. The results
show that E. gracilis could be transported at a working
frequency range. When the input frequency is low, the
generated DEP force is not enough to manipulate E. gracilis
due to the resistance from its swimming.

The E. gracilis combined with polystyrene microbeads were
injected into the chip full of deionized water for interaction.
In this experiment, the frequency was set as 100 kHz. Prior to
the application of the electric field, E. gracilis was able to
swim at a velocity of 63.80 μm s−1. With the application of AC
electric field, E. gracilis rotated from a horizontal orientation
to vertical orientation, which is in line with the direction of
the electric field. Fig. 6c presents a comparison of the
manipulated velocities of E. gracilis and polystyrene

Fig. 5 Controllable positive-dielectric micro-object interacts with multiple negative-dielectric microparticles via OET. (a) Schematic of the
interaction between polystyrene microbeads and magnetic particles. (b) Polystyrene microbeads interact with magnetic particles and
transportation via polystyrene microbeads. (c) Transport velocities of different types of particles. (d) The relationship between the number of
interacted particles and transport velocity. (e) One particle interacts with a different number of particles.
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microspheres under different voltages. In both cases, the
velocities increase sharply with the voltage. Due to the active
swimming of E. gracilis, their manipulated velocities are less
than those of microparticles.

A schematic of the interaction between polystyrene
microbeads and E. gracilis is shown in Fig. 7a. The input
voltage is 10Vpp. E. gracilis was able to swim at a velocity of
16.73 μm s−1 under the electric field. Then, the trapping
within the light spot left them stationary and able to engage
only in vibration around a central point; during the transport
process, the microorganisms moved at approximately 15.03
μm s−1. The manipulated force of E. gracilis is 6.18 pN. These
microorganisms were then trapped by the light spot to
adhere with 15 μm polystyrene microbeads, and transported
through the chip at a velocity of 16.06 μm s−1, as shown in
Fig. 6d. The overall interaction process is shown in Fig. 7b.
Movie S6† presents an example of swimming E. gracilis that
is interacted with 15 μm polystyrene microbeads and is used
as agents to transport polystyrene microbeads. Compare with
the conventional dipole moment in the sphere particle, the
rod-shaped E. gracilis could generate a changing dipole
moment when it rotated in the medium. After these
experiments, E. gracilis did not display adverse reactions in
terms of, for example, membrane damage.

Then, the complex shape of microspirulina was also used to
interact with microbeads, as shown in Fig. 7c. After the

injection of microspirulina combined with polystyrene
microbeads into the microfluidic chip, an input signal with the
voltage and frequency of 10Vpp and 100 kHz, respectively, was
applied. The microorganisms were manipulated by the OET
light pattern to realize the interaction with the polystyrene
microbeads and the transport of microbeads along the device
plane, as shown in Fig. 7d. Movie S7† presents the transport of
microspirulina, in which the movement velocity of the
spirulina-particle assemblies is approximately 14.79 μm s−1. It is
subjected to a DEP force of 3.12 pN. Furthermore, the spirulina
is also able to transport two or more particles at once on
account of its special spiral structure, although the movement
velocity of the spirulina would decrease with the increase in the
number of transported particles. For the polarization in the
helical structure, it could be analyzed by the infinitesimal
method or vector sum over all the dipoles. The results indicate
that microorganisms (such as swimming E. gracilis and
microspirulina) can be employed to transport objects to a target
position by applying complementary forces on particles with
opposite dielectric properties via OET system.

3. Experimental
3.1 Fabrication of a-Si film and microfluidic chip

Commonly, a-Si:H films are fabricated on indium tin oxide
(ITO) glass via plasma-enhanced chemical vapor deposition

Fig. 6 Changes in electrophoresis force on E. gracilis with input frequency and velocity of manipulation. (a) The direction of E. gracilis in
deionized water at different frequencies. (b) The relationship between DEP force and input frequency. (c) The OET-induced velocity of
manipulation. (d) Movement velocity of microorganisms under different conditions.
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(PECVD).14,50,51 In this study, the traditional a-Si:H film was
adopted to build the microfluidic chip in the OET, as shown
in Fig. S12a.† The chip consists of the top electrode (ITO), the
space of medium (the thickness is 150 μm), and the bottom
electrode, which is ITO glass coated with a-Si:H film (the
thickness is 1 μm). In addition, in order to simplify the
traditional fabricated process and save costs, the a-Si film
was also fabricated via sputtering52–55 for its application in a
microfluidic chip. The ITO glass was ultrasonically cleaned
with absolute ethanol for 10 min and with deionized water
for a further 10 min, and then it was dried and treated with a
plasma cleaner for 20 s to enhance the adhesion of the a-Si
film to the ITO. The ITO was placed at the central substrate
of a sputter instrument. At a sputter instrument vacuum of
10−5 Pa, Ar gas flux of 0.8 Pa s−1, and substrate temperature
of 25 °C, AC magnetron sputtering was applied at 150 W for
2 h. After finished sputtering, a a-Si film was placed in a

muffle furnace and annealed at 300 °C for 1 h under nitrogen
protection. Finally, a stable 1.5 μm-thick a-Si film was
successfully fabricated.

3.2 OET system setup and wireless control

The structure of the OET system was designed in this study,
as shown in Fig. S12b.† This system is composed of three
parts. Firstly, the image projected part is the blue path. A
digital micromirror device (DMD) projector (BenQ E580,
China) is adopted to generate a light pattern. The light
pattern propagates through two lenses (L1 and L2), a
reflecting mirror (M), and a condenser lens (L3). It would
project an ITO electrode (NOZO Co., China) including a
photoconductive layer. Thus, the light pattern can be applied
for real-time manipulation. Secondly, the illuminated part is
the yellow path. The light from an LED would be collected as

Fig. 7 Microorganisms with positive dielectric properties interact with micro-objects via OET. (a) Schematic of the interaction between
polystyrene microbeads and E. gracilis. (b) The interaction between polystyrene microbeads and E. gracilis and the transportation of polystyrene
microbeads with E. gracilis. Circles and black arrows represent previous positions on the plane and direction of movement, respectively. (c)
Schematic of the interaction between polystyrene microbeads and micro-spirulina. (d) The transportation of polystyrene microbeads with spirulina.
Rectangles and black arrows represent the previous position on the plane and the direction of movement, respectively.
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a straight beam through a focusing lens (L6) and it
propagates through PBS, and an objective lens (L4),
illuminating the chip. Thirdly, the experimental observation
part is the black path. The experimental image propagates
through the objective lens (L4) and lens (L5). It would be
projected in a charge-coupled device (CCD) camera (GS3-U3-
23S6C-C; Canada) for recording. In addition, a function
generator was adopted to generate AC voltages. A computer
was used to produce a pattern on the DMD-based projector.

To realize convenient control of the OET, the wireless-
control platform was established, with the scheme shown in
Fig. S13a.† The platform is composed of a Cloud server,
multi-platform interactive terminals, and an executive
terminal including the OET equipment. The Cloud server
could bear massive time-consuming computational loads,
such as image processing, projected graphic generation, and
data format conversion. The interactive terminals include
cross-platform graphic user interfaces (GUIs), which are
equipped by an iPad and PC to enable efficient interaction
between operators and the OET system. The executive
terminal is a PC connected to the microscope and projector,
which is responsible for sending control signals to the
experimental equipment and receiving the feedback
information. The three modules were deployed under a
wireless local area network and engaged in safe
communication based on the WebSocket protocol. The
applied wireless-data transmission principles are shown in
Fig. S13b.† With the adoption of the WebSocket protocol,
full-duplex communication channels could be achieved under
a single TCP connection and the use of HTTP protocol could
be avoided. Meanwhile, a standard GUI program was
developed for the OET system, in which the tasks of real-time
CCD camera monitoring, design, and control of projected
graphics, post-processing of acquired microscope images,
and recognition result display can be integrated.

3.3 Preparation of microorganism samples

E. gracilis (50 μm to 100 μm in length) was cultured at room
temperature. 10 μl of E. gracilis medium and 10 μl of the 15
μm-diameter polystyrene microbeads medium were mixed
in vitro and poured into 1 ml deionized water. 10 μl of the
mixed liquid was inserted into the chip with a pipette.
Microspirulina is a spiral-shaped aquatic plant with a length
from 52 μm to 360 μm. The helical thread diameter of
microspirulina is about 5–8 μm. 10 μl of the microspirulina
medium was mixed in vitro with 15 μm-diameter polystyrene
microbeads in a 10 μl solution and poured into 1 ml of
deionized water, from which 10 μl droplets of the mixed
liquid were extracted and placed into the chip of OET with a
pipette.

4. Conclusions

In this paper, an exploration was performed on the
interaction between different micro-objects in a simple OET
platform. At first, the interaction between particles was

simulated by the ALE method (including positive DEP and
negative DEP effect). An analysis was performed on the key
parameters of interaction, which provided instruction for the
experiment. Subsequently, an iPad-hosted wireless-control
interface was designed for convenient control. The system
can be established via a simple process and used to
manipulate multiple particles simultaneously with a very low
power intensity in a fabricated microfluidic chip. During the
interaction experiments, one particle can interact with 5
particles simultaneously, which indicates that the interaction
can be applied to improve high-throughput transportation
capacities and assemble some special microstructures with
particles. Then, swimming E. gracilis and spirulina were
selected to interact with particles with opposite dielectric
properties. These microorganisms were also used as an agent
for the transport of polystyrene microbeads to a target
position and the subsequent release after withdrawing the
electric field. It shows that the micro-objects with complex
dimensionalities and topologies, including spherical
polystyrene microspheres, rod-shaped E. gracilis, and spiral-
shaped microspirulina, can be employed to interact in the
OET system. Due to the low power levels, those
microorganisms were free from damages during those
experiments. It is expectable that the interaction between
particles in the simple OET platform could be employed in
medical applications involving the detection of cancers or
viruses, drug release, and a wide range of similar tasks.
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