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Abstract: The rapid electrokinetic patterning (REP) technique has been demonstrated to enable dy‑
namic particle manipulation in biomedical applications. Previous studies on REP have generally
considered particles with a size less than 5 µm. In this study, a REP platform was used to manipu‑
late polystyrene particles with a size of 3~11 µm in a microfluidic channel sandwiched between two
ITO conductive glass plates. The effects of the synergy force produced by the REP electrothermal
vortex on the particle motion were investigated numerically for fixed values of the laser power, AC
driving voltage, and AC driving frequency, respectively. The simulation results showed that the
particles were subject to a competition effect between the drag force produced by the toroidal vortex,
which prompted the particles to recirculate in the bulk flow adjacent to the laser illumination spot
on the lower electrode, and the trapping force produced by the particle and electrode interactions,
which prompted the particles to aggregate in clusters on the surface of the illuminated spot. The
experimental results showed that as the laser power increased, the toroidal flow range over which
the particles circulated in the bulk flow increased, while the cluster range over which the particles
were trapped on the electrode surface reduced. The results additionally showed that the particle
velocity increased with an increasing laser power, particularly for particles with a smaller size. The
excitation frequency at which the particles were trapped on the illuminated hot‑spot reduced as the
particle size increased. The force and velocity of polystyrene particles by the REP toroidal vortex has
implications for further investigating the motion behavior at the biological cell level.

Keywords: velocity analysis; toroidal vortex; optoelectrokinetic; REP; drag force; trapping force

1. Introduction
Micro‑manipulation technology is widely used in the biotechnology and bio‑medical

fields nowadays. Furthermore, many operations, such as trapping, transportation, con‑
centration, and sorting of micro/nano‑scaled particles, are now routinely conducted onmi‑
crofluidic lab‑on‑a chip devices [1,2] and medical diagnostic platforms [3]. Microfluidics
technology provides the ability to manipulate nanoliter volumes of sample fluid with an
extremely high precision, and thus has many benefits for biochemical analysis, including
a lower cost, a more straightforward operation, a greater sensitivity, and a higher through‑
put [4]. However, these advantages come at the expense of a greater complexity of the
manipulation process compared to that required for traditional macroscale instruments.
Therefore, effective techniques for manipulating large numbers of particles rapidly and
accurately are essential to further advance the biomedical engineering field [5].

Various techniques for manipulating micro‑ and nano‑sized particles or biological
cells have been proposed, including dielectrophoresis [6], plasmonic traps [7], optical
tweezers [8], acoustic [9], magnetic [10], and electrokinetics tweezers [11]. However, dielec‑
trophoresis requires the use of fixed electrodes, which limits its application. Moreover, di‑
electrophoresis is restricted to the manipulation of large particles since the dielectrophore‑
sis force is proportional to the cube of the particle radius [12]. Meanwhile, plasmonic traps
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require plasmonic nanostructures, which are expensive to fabricate and generate a trap‑
ping force over only a very limited distance (e.g., several nanometers from the nanostruc‑
ture) [13]. Finally, optical tweezers and electrokinetics tweezers have poor resolution and
throughput for particle manipulation [14].

Optoelectrokinetic techniques combine optical and electrokinetic effects to yield high
resolution, high throughput, and programmable manipulation. The optical control of elec‑
trokinetic forces is traditionally performed using either optoelectronic tweezers (OET) or
optically induced dielectrophoresis (ODEP) [15]. However, in recent years, rapid electroki‑
netic patterning (REP), in which particle manipulation is achieved by changing the electri‑
cal properties of the medium in which the particles are suspended [16], has emerged as a
powerful noninvasive and programmable alternative for a wide variety of bioanalysis ap‑
plications [17–20]. The REP technique uses a parallel plate electrode to generate a uniform
alternating electric field and a highly focused laser beam to create localized hot‑spots on the
surface of the lower electrode. The localized hotspots induce the formation of electrother‑
mal microvortex structures [21], which facilitate the rapid manipulation of the analyte at
the corresponding location. The authors in [22] examined the toroidal vortex structure
generated by circular hot‑spots usingwavefront deformation particle‑tracking velocimetry
and particle image velocimetry, respectively. The results showed that the toroidal vortex
strength increasedwith temperature and applied electric potential. However, the effects of
the laser power on the characteristics of the toroidal vortex structures were not considered.

The parallel plate electrodes used in REP platforms are generally fabricated from in‑
dium tin oxide (ITO) coated glass, which allows for the simultaneous application of both
an AC electric field and highly localized infrared laser illumination [23]. ITO is strongly
absorbent in the infrared range, and the resulting optical landscape produces high ther‑
mal gradients. When these gradients occur in the presence of an electric field, toroidal
electrothermal flows are produced, which offer the potential to realize a wide variety of
optoelectrokinetic applications [24]. The authors in [25,26] used the hydrodynamic drag
force produced by the toroidal vortex to transport the particles toward the electrode sur‑
face, where they were subsequently trapped by the local electrode‑particle interactions.
The particles were then instantaneously dispersed by turning the laser off, thereby termi‑
nating the electrothermal flow. It was shown in a recent study that REP exerts a force on
the order of several femtonewtons on micro‑ and nanoparticles during the manipulation
process, and the transverse trapping force produced by REP originates from the axisym‑
metric Stokes drag force induced by the toroidal electrothermal vortex [27]. However, the
exact roles played by the hydrodynamic drag force and trapping force in manipulating the
particles between the electrodes are still unclear. Previous studies on REP have generally
considered only small particles with a size of around 0.1~5 µm, and the bottom plate of the
chip was fabricated by coating 150 nm gold as a conductive layer on a glass substrate [18].
The authors in [19] summarize a variety of differently structured optoelectrokinetic chips,
followed by a discussion on how they are fabricated and theways inwhich theywork. Fur‑
thermore, while the particle velocity induced by the electrothermal microvortex structures
in REP has been analyzed using both wavefront deformation particle‑tracking velocime‑
try [21] and particle image velocimetry [28,29], these studies have focused only on the area
of the laser illumination spot and the particles flowing toward this spot.

The present study conducts a numerical investigation regarding the effects of the elec‑
trothermal vortex induced in REP on the dynamic behavior of polystyrene particles with
a size of 3~11 µm confined within a 100‑µm microfluidic channel. The simulations focus
specifically on the competing effects of the hydrodynamic drag force and trapping force
on the particle motion under a constant setting of the laser power, AC voltage, and AC fre‑
quency, respectively. Experiments are then performed to examine the effects of the laser
power and particle size on the toroidal flow range (i.e., the range over which the parti‑
cles circulate within the bulk flow in the vicinity of the heated spot), cluster range (i.e., the
range overwhich the particles are trapped in clusters on the electrode surface), and particle
velocity. Further experiments are then conducted to investigate the excitation frequency
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required to produce a trapping effect for particles of different sizes. Finally, a voltagemod‑
ulation technique is employed to perform the size‑dependent sorting of the particles.

2. Theory
REP is a noninvasive technique involving the simultaneous application of a uniform

AC electric field and an optical laser to produce a toroidal vortexwithwhich tomanipulate
the particles. The optoelectrokinetic effect comprises four main flow components, namely
AC electrothermal (ACET), AC electroosmosis (ACEO), dielectrophoresis (DEP), and ther‑
mophoresis. The details of each component are briefly described in the following sections.

2.1. AC Electrothermal
Electrothermal flow occurs as a result of heating the ITO surface by laser irradiation

in the presence of an electric field. In particular, when a high‑intensity infrared laser beam
is projected onto the ITO surface, it heats the illuminated area, which in turn heats the
surrounding bulk fluid. Consequently, gradients of conductivity and permittivity are pro‑
duced, which prompt the movement of the ions in the liquid medium. When coupled
with an applied AC electric field, an electrothermal flow is induced with the following
time‑averaged form [30]:

FE =
1
2
Re

[
σε(α − β)

σ + iωε
(∇T·E)E∗ − 1

2
εα|E|2∇T

]
(1)

where Re is the real part of [], E is the electric field, and E* is the complex conjugate. In
addition, ω is the frequency of the AC signal, ε is the permittivity of the fluid, and α and
β are (1/ε)(∂ε/∂T) and (1/σ)(∂σ/∂T), respectively [31]. The first term in Equation (1) is the
Coulomb force, while the second term is the dielectric force. Equation (1) clearly shows
that the formation of localized temperature gradients leads to electrical forcing.

2.2. AC Electroosmosis
Electrode surfaces generally have a net charge. When the electrode structures are

subjected to an AC voltage, a flow of the aqueous solution is induced at the solid liquid
interface due to the effect of the AC field on the charges induced by itself at the electrode
and electrolyte interface (i.e., the charges induced in the electrical double layer). This phe‑
nomenon is known as AC electroosmosis (ACEO) and is described by the following time‑
averaged expression [32]:

⟨v⟩ = 1
2
Re

[
σqE∗

t λD

η

]
(2)

where σq is the charge density in the double layer, λD is theDebye length, E∗
t is the complex

conjugate of the tangential electric field, and η is the viscosity of the medium.

2.3. Dielectrophoresis
When a polarizable particle is suspended in a non‑uniform electric field, the electric

field polarizes the particle, and the poles then experience a force acting along the field
lines, which can be either attractive or repulsive depending on the orientation of the dipole.
Since the field is non‑uniform, the pole experiencing the greatest electric field dominates
the other, and the particle starts to move. For a homogeneous dielectric spherical particle
immersed in a conductive medium, the time‑averaged DEP force can be expressed as [33]

FDEP = 2πa3εmRe[CM]∇E2 (3)

where a is the radius of the particle, εm is the permittivity of themedium, Re[CM] is the real
part of the complex Clausius–Mossotti factor, and E is the amplitude of the electric field.
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2.4. Thermophoresis
Thermophoresis refers to the movement of suspended particles through a fluid un‑

der the effect of an applied thermal gradient. In particular, the thermal gradient causes
the particle to experience a net force in the direction of decreasing temperature (i.e., posi‑
tive thermophoresis) since the molecules impacting the particle on opposite sides through
thermal motion have different average velocities as a result of their different temperatures.
The effective thermophoresis force can be written as follows [34,35]:

FT = γvT = −kBTST∇T (4)

where kB is the Boltzmann constant, T is the temperature, and the ratio ST = DT/D, also
known as the Soret coefficient, quantifies the strength and direction of the colloidal ther‑
mophoresis. Note thatDT andD are the thermal diffusion coefficient and Fickian diffusion
coefficient, respectively.

3. Materials and Methods
3.1. Chip Fabrication

The chip used for REP manipulation of the polystyrene particles comprised two par‑
allel glass plate electrodes separated by a 100 µm‑thick double‑sided tape spacer to form a
5 mm × 5 mm (length × width) microchannel chamber. The electrodes were coated with
a thin indium tin oxide (ITO) conductive layer with a thickness of 0.7 mm and resistance
of 7 Ω (Ritek, Taiwan). Hence, 3 µL of mixed sample consisting of polystyrene beads and
DI water was loaded into the microchannel chamber by capillary forces and sandwiched
between the two parallel electrode plates. As shown in Figure 1a, the colloidal suspension
was subjected to an AC electric field applied between the electrodes and IR laser illumina‑
tion was simultaneously applied to the lower electrode to generate a local heating effect.
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3.2. Experimental Setup
Figure 1b shows the self‑established experimental arrangement used to manipulate

the particles in the microchannel and to observe their motions. The chip was placed on
a two‑axis stage for particles manipulation. The driving voltage was generated from an
AC signal source using a function generator (GFG‑3015, GW Instek, Taipei, Taiwan) and
was amplified by a power amplifier (MODEL 2100HF, Trek, Lockport, NY, USA) before
being supplied to the electrodes of the chip. In addition, a 300 mW power‑adjustable Nd‑
YVO4 laser with a center wavelength of 1064 nm (MIL‑III‑1064, CNI, Changchun, China)
was focused on the lower side of the chip. The laser beam was passed through a beam
expander (56‑30‑2‑8X, Special Optics, Denville, New Jersey, USA) to produce a parallel
beam with a diameter on the cm‑scale on the back aperture of the microscope objective
lens (UPLFLN 20X, Olympus, Tokyo, Japan). Laser irradiation creates a local temperature
gradient in themicrochannel chamber coupledwith an applied electric field to generateAC
electrothermal toroidal vortex drive the particles toward the center of the irradiation region.
Furthermore, a zoom lens systemwas used to obtain a suitable zoom range and resolution
of the optical image (6.5X UltraZoom, Navitar, Rochester, NY, USA). The particles were
observed using a charge coupled device (CCD) camera (SME‑C050‑U, Mightex, CA, USA)
with a frame rate of up to 14 frames per second (fps) at 2560 × 1920 pixels.

3.3. Numerical Simulations
COMSOLMultiphysics (Version 5.3, Burlington, MA, USA) simulations based on the

AC/DC, Microfluidics, and Heat Transfer modules were performed to investigate the op‑
toelectrokinetic phenomena (i.e., temperature gradient, electroosmosis, dielectrophoresis,
and electrothermal vortex) induced by the REP effect and to explore their effects on the
motion and velocity of the particles. The simulations considered the entire geometry of
the REP chip and hence a 3Dmodel was used. The colloidal fluid was assumed to be New‑
tonian and the Brownian motion of the particles was ignored in order to simplify the sim‑
ulation process. The physical and electrical properties of the conductive fluid (DI water)
and particles (polystyrene beads) were listed as Table 1 [21,36,37]. Note that all the internal
boundaries weremodelledwith a no‑slip condition. All the external boundaries except the
top and the bottom ITO glass plates were modelled with a constant temperature (28 ◦C)
condition. Furthermore, the laser power intensity was set as 75 W/cm2 and the amplitude
and driving frequency of the AC electric field were set as 35 VPP and 25 kHz, respectively.

Table 1. A list of parameters used in REP modeling.

ρ(kg/m3 ） ε σ(S/m) c(J/kgK) κ(W/mK)

Fluid 1000 78 5.5 × 10−6 4200 0.6
Particle 1040 2.7 0.0009 1300 0.033

4. Results and Discussion
4.1. Temperature Gradient

The temperature gradient in the chip was generated by a combination of the focused
IR laser illumination and theAC electric field. Of the two heating effects, themain contribu‑
tion to the temperature gradient was provided by the laser illumination, which potentially
heats both the substrate and the liquid. Previous studies have shown that the conductivity
and permittivity of conductive fluids are both temperature‑dependent [26]. Accordingly,
the temperature distribution within the chip was simulated using thermal conductivities
of 0.35 and 65 W/mK for the DI water and ITO layers, respectively. Figure 2a shows the
simulation results obtained for the temperature field distribution in the liquid layer of the
chip given the considered laser power of 75 W/cm2, driving voltage of 35 Vpp, and driving
frequency of 25 kHz. As shown, the temperature of the liquid layer adjacent to the laser
spot is around 29.2 ◦C and decreases slowly toward room temperature (28 ◦C) at the upper
surface. Figure 2b shows the experimental temperature measurements obtained using a
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thermal imager (TG165, FLIR Systems, Goleta, CA, USA) after 5 s–5 min of heating. Af‑
ter 5 s, the temperature in the region around the laser illumination spot is approximately
28.3 ◦C. After 1 min, the temperature in the illumination region reaches 29 ◦C. However,
after 5 min, the temperature saturates at an approximately constant value of 29.3 ◦C. The
experimental temperature measurements are in good agreement with the numerical data,
and hence the basic validity of the numerical model is confirmed.
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Figure 2. (a) Numerical contours of temperature field distribution in liquid layer. (b) Experimental
temperature measurements in area of laser illumination after 5 s, 1 min, and 5 min. Note that the
laser power is 75 W/cm2, the voltage amplitude is 35 Vpp, and the driving frequency is 25 kHz.

4.2. Optoelectrokinetic Synergy Force
Further simulations were performed to investigate the effects of the synergy force

produced by theREP toroidal vortex on themotion of the particleswithin themicrochannel.
Figure 3a presents the simulation results obtained for the distribution of the DEP force
acting on the polystyrene particles with a diameter of 11 µm. It is seen that the beads
experience a negative DEP effect since the dielectric permittivity of the medium (DI water)
is larger than that of the particles. In other words, the results confirm that a DEP force is
induced, which drives the particles toward the laser illumination spot on the lower side of
the chip. For the REP conditions considered in the present case (i.e., a laser power intensity
of 75W/cm2 and an amplitude and driving frequency of the AC electric field of 35 VPP and
25 kHz, respectively), the DEP force has a maximum magnitude of 6.6 × 10−12 N.

Figure 3b presents the simulation results for the distribution of the thermophoresis
force acting on the polystyrene beads. Note that the red arrows represent the thermophore‑
sis force components acting along the coordinate system direction (i.e., x, y, or z axis di‑
rection), while the blue arrows represent the thermophoresis force components acting in
inverse the coordinate system direction (i.e., ‑x, ‑y, or ‑z axis direction). Note also that the
thermophoresis force is governed only by the laser‑generated temperature gradient (i.e.,
it is independent of the applied AC electrical field). The thermophoresis force has a max‑
imum value of 4.28 × 10−13 N in the hot‑spot region of the microchannel and decreases
in the direction of the cooler region of the channel. In other words, the distribution of the
thermophoresis force is consistent with that of the temperature field shown in Figure 2a.
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force, and (d) trapping force acting on 11‑µm particles. Note that the laser power is 75 W/cm2, the
voltage amplitude is 35 Vpp, and the driving frequency is 25 kHz.

From a global perspective (Figure 1a), the AC electrothermal and AC electroosmotic
effects drive the fluid toward the center of the irradiation region, resulting in the formation
of a re‑circulating toroidal vortex flow. Consequently, the particles in the bulk fluid are
also transported toward the irradiation region as a result of the hydrodynamic drag force.
Figure 3c presents the simulation results for the distribution of the fluid drag force acting
on the 11‑µm particles. The simulation results confirm that the particles are brought to‑
ward the center of the laser irradiation region and thenmove in the upward direction under
the effects of AC electroosmotic. The maximum value of the drag force is 7.34 × 10−13 N
and occurs near the center of the hot‑spot. The drag force acting on the particles comprises
three components, namely the AC electrothermal force, the AC electroosmotic force, and
the gravity force. When the laser irradiation and electric field are applied simultaneously,
the particles can be trapped on the electrode surfacewithin the irradiated spot region under
the synergistic action of the light and electric fields [24] (see Figure 1a). Figure 3d presents
the simulation results for the distribution of the trapping force acting on the 11‑µm parti‑
cles. Note that the trapping force constitutes the sumof all the forces acting on the particles.
It is seen that the particles are brought toward the laser illumination spot on the bottom
side of the chip under the effects of the trapping force, and the force has a maximum value
of 4.53 × 10−12 N in the center region of the hot‑spot. Overall, the results confirm the
trapping ability of the particles by the optoelectrokinetic effect.

Table 2 lists all the forces acting on the particles in the REP chip. The transport of the
particles by the toroidal vortex or trapping of the particles on the heated electrode surface
reflects the outcome of a dynamic competition process between the multiple forces [25].
Figure 4 presents a numerical empirical model elucidating the relationships among the
forces (Note that the notations refer to the forces listed in Table 2.) As shown, the lift force
responsible for moving the particles in the vertical direction away from the bottom elec‑
trode comprises the electrothermal force (F1), the electroosmosis force (F3), and the ther‑
mophoretic force (F4). The electrothermal flow is the major contributor to the lift force and
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declines exponentially with an increasing frequency of the AC driving force [16]. Hence, at
a certain electrical frequency, the forces acting on the particles balance one another, and the
particles aggregate into clusters. Depending on the dielectric properties, shape, and size of
the particles, there exists a certain critical electric field under which the particles cannot be
trapped in the REP chip [23,24] or circulated continuously within the toroidal vortex struc‑
ture due to the stronger drag force. However, according to the numerical results presented
in Figure 3, for a laser power intensity of 75W/cm2, an electric field strength of 35 Vpp, and
a driving frequency of 25 kHz, the trapping force exceeds the drag force, and hence the
11‑µm particles accumulate on the illuminated electrode surface.

Table 2. Summary of forces acting on particles in REP chip.

Force Description

F1 AC Electrothermal, ACET
F2 Dielectrophoresis, DEP
F3 AC Electroosmosis, ACEO
F4 Thermophoretic force
F5 Electrical double layer, EDL
F6 Gravity
F7 Drag force (F1+F3+F6)
F8 Trapping force (the sum of all forces)
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4.3. Influence Range of Toroidal Vortex
Figure 5a presents the simulations results for the toroidal flow structure induced

within the microchannel under a laser power intensity of 75 W/cm2, electric field strength
of 35 Vpp, and driving frequency of 25 kHz, respectively. The toroidal flow structure
has the form of two symmetrical rotating structures, which drag the particles toward the
heated illumination zone of the electrode and then transport them away again after they
are pushed away from the lower electrode by the uplift force. The vortex structures rotate
in opposite directions and have a maximum hydrodynamic flow velocity of 0.63 µm/s in
both cases. The toroidal vortex is induced by several factors, including the dielectric con‑
stant, conductivity, and density changes caused by the non‑uniform temperature gradient,
and acts in competition with the trapping force, which prompts the particles to settle in
the hot‑spot region of the lower electrode surface. Figure 5b illustrates this competition
effect schematically. For certain REP conditions (i.e., laser power intensity, driving volt‑
age and driving frequency), the particles remain in suspension in the bulk fluid and are
transported by the rotating vortex structures. The physical range over which the particles
are inducted into (and transported by) the toroidal vortexes is defined for convenience as
the toroidal flow range (D1). However, under certain critical REP conditions, the particles
are ejected from the rotating vortex structures and aggregate on the hot‑spot region of the
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lower electrode. The corresponding range over which the clustering effect is induced is
referred to as the cluster range (D2).
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Figure 5. (a) Numerical contours and (b) schematic illustration showing flow range and clustering
range of toroidal vortex structures induced by REP effect. (c) Experimental results for trapping of
polystyrene beads with diameter of 3 µm at 40, 80, 120 and 240 s, respectively. (d) Variation of flow
range and clustering range with laser power as function of particle size.

Figure 5c presents the experimental results obtained for the trapping of polystyrene
beads with a diameter of 3 µm (shown within the white circles) after REP times of 40, 80,
120 and 240 s, respectively (Note that the laser power intensity is 75 W/cm2, the electric
field strength is 20 Vpp, and the driving frequency is 25 kHz.) As shown, the particles
barely move before 40 s since the REP effect is not yet fully formed. However, as the REP
actuation time increases, the particles within the toroidal flow range are gradually trapped
within the cluster range (indicated by the large dashedwhite circle in each figure) and stop
moving completely after around 240 s.

Figure 5d shows the variation of the toroidal flow range (D1) and cluster range (D2)
as a function of the laser power intensity (25~125W/cm2) and particle size (3~11 µm). Note
that the electric field has a constant frequency of 25 kHz and a strength of 20, 25, and 35 Vpp
for particles with a diameter of 3, 6, and 11 µm, respectively. Note also that, to properly ex‑
plore the competition effect between the toroidal flow process and the clustering process,
an adjustment of the electric field strength with the particle size must be performed since
higher voltages or laser powers enhance the drag force effect (i.e., the particles keep circu‑
lating in the vortex), and hence inhibit the trapping of small particles. By contrast, lower
voltages or laser powers inhibit trapping of the large particles due to the lower trapping
force. Note that all data are averaged from 10 experiments.
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For the smallest particle size of 3 µm, the toroidal flow range (D1) has a value of
195 µm for a laser power of 25 W/cm2, while the cluster range (D2) is equal to 129 µm.
When the laser power is increased to 100 W/cm2, D1 increases to 326 µm and D2 deceases
to 76 µm. For laser powers greater than 100 W/cm2, the particles cannot be trapped and
continue circulating within the vortex. For the particles with the largest diameter of 11 µm,
the trapping effect is not induced for laser powers lower than 50 W/cm2. However, for
the maximum laser power intensity of 125 W/cm2, D1 and D2 have values of 272 µm and
66 µm, respectively. In general, the results show that, for a given particle diameter, the
toroidal flow range (D1) increases with an increasing laser power, while the cluster range
(D2) decreases. Moreover, the change in the toroidal flow range and cluster range is par‑
ticularly pronounced for particles with a smaller size. The increase in D1 with increasing
laser power is the result primarily of the greater temperature gradient induced by a higher
laser power, which enhances the size and intensity of the rotating vortex structures.

4.4. Particle Velocity
Figure 6a presents the simulation results for the distribution of the velocity field act‑

ing on the polystyrene beads with a diameter of 11 µm under a laser power of 75 W/cm2,
electric field strength of 35 Vpp, and driving frequency of 25 kHz. Note that the color bar
and arrows indicate the velocity strength and flow direction, respectively. The maximum
particle velocity reaches 0.85 µm/s and the average velocity is around 0.4 µm/s. Further‑
more, from the sectional view, it is seen that the velocity of the particles in the lower layer
of the channel, whichmove toward the center of the laser illumination zone, is greater than
that of the particles in the upper layer of the channel, which flow away from the center of
the laser illumination zone. Figure 6b presents the experimental results obtained under
the same REP conditions after 40, 80, 120, and 240 s, respectively. Note that the dashed
circles denote the toroidal flow range (D1) and cluster range (D2), respectively. Note also
that the CCD camera is focused on the lower layer of the channel in order to capture the
movement of the particles toward the hot‑spot region of the lower electrode. Before 40 s,
the REP effect is not yet fully formed, and hence the particles remain virtually motionless.
However, as the REP time increases, the three particles within the toroidal flow range are
transported into the cluster range and stop moving completely after around 240 s. The
average inflow velocity of the particles is determined to be around 0.3 µm/s and is thus
consistent with the simulation results in Figure 6a.

Figure 6c shows the experimental results for the variation of themean particle velocity
with the laser power (25~125 W/cm2) as a function of the particle diameter (3~11 µm). As
for Figure 5d, the electric field has a constant frequency of 25 kHz, and the field strength
is set as 20, 25, and 35 Vpp for the particles with diameters of 3, 6, and 11 µm, respectively.
Note that the inflow direction (in the lower layer of the channel) is defined as the positive
direction, while the outflow direction (in the upper layer of the channel) is defined as the
negative direction. For the particle with a diameter of 11 µm, the average inflow velocity
is 0.45 µm/s and the average outflow velocity is 0.3 µm/s for a laser power of 100 W/cm2.
When the laser power is increased to 125 W/cm2, the average inflow velocity and outflow
velocity increase slightly to 0.6 µm/s and 0.4 µm/s, respectively. The experimental results
are thus in good agreement with the numerical simulation results shown in Figure 6a. For
the particles with the smallest diameter of 3 µm, the average inflow velocity is around
1.5 µm/s for the lowest laser power of 25 W/cm2, while the average outflow velocity is
equal to 2.0 µm/s. For the maximum power of 125 W/cm2, the average inflow velocity
increases to 5.7 µm/s and the average outflow velocity increases to 8.6 µm/s. Interestingly,
the results indicate that the outflow velocity is greater than the inflow velocity for small‑
sized particles. This finding is reasonable since the DEP force scales proportionally with
the third power of the particle radius. Overall, the results indicate that the particle velocity
increases with increasing laser power due to the corresponding increase in the intensity of
the recirculating vortex structures. The effect of the laser power in increasing the particle
velocity is particularly apparent for the small‑size particles.
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Figure 6. (a) Numerical results for velocity field. (b) Experimental results for trapping of polystyrene
beads with diameter of 11 µm at 40, 80, 120 and 240 s, respectively. Note that the laser power is
75 W/cm2, the voltage amplitude is 35 Vpp, and the driving frequency is 25 kHz. (c) Variation of
particle velocity with laser power as function of particle size.

4.5. Effect of Driving Frequency on Particle Behavior
Figure 7 shows the measured optoelectrokinetic behavior of the particles for driving

frequencies in the range of 2 kHz~5 MHz. Note that the laser power is 75 W/cm2 in ev‑
ery case, and the electric field strength is set as 20, 25, and 35 Vpp for the particles with
diameters of 3, 6, and 11 µm, respectively (Note that the electric field strength is also set
as 35 Vpp for the particle with a diameter of 20 µm). All of the particles exhibit a distinct
response in different frequency domains, irrespective of their size. Four discrete trapping
behaviors are observed, namely a strong trapping force, no trapping force (with vortexes),
a weak trapping force, and no trapping force (without vortexes). A preliminary investi‑
gation showed that for driving frequencies lower than 900 Hz, bubbles were formed in
the colloidal solution, signifying the occurrence of electrolysis due to Faradaic reactions.
Accordingly, the minimal frequency for the experimental investigation was set as 2 kHz.
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For the smallest particles with a diameter of 3 µm, driving frequencies in the range of
2~100 kHz (f L, green solid line) cause the particles to aggregate on the irradiated spot and
form a dense cluster, as shown in Figure 5c. For driving frequencies of 100~1150 kHz (fM,
blue dotted line), the particle trapping effect temporarily disappears due to the diminished
electrical double layer polarization intensity and dielectrophoresis relaxation frequency,
and hence the particles continue to be transported in the recirculating toroidal electrother‑
mal flow. In the frequency range of 1150 kHz to 2 MHz (fH, red dotted line), the particles
slowly re‑aggregate and form a loose cluster due to the lower intensity of the electrother‑
mal flow as a result of the slow response. The re‑aggregation behavior is likely a result of
the reduced hydrodynamic lift due to the declining electrothermal flow. A test has been
performed by switching off either the laser or the electric fields resulted in disaggregation,
confirming the necessity of applying the laser and electric fields simultaneously. The test
implied that the particles trapping remained effective but progressively weakened as the
frequency approached the upper limit (i.e., fH), as reported also in [18]. However, for
frequencies greater than 2 MHz (>fH, 2 MHz), the electrothermal flow effect disappears
and toroidal vortexes are no longer formed. Hence, no particles are trapped on the irradi‑
ated hot‑spot region of the electrode. As the particle size increases, the values of f L (green
line) and fM (blue line) reduce, particularly for particle diameters greater than 11 µm. For
the particles with the largest size of 20 µm, a trapping effect is not produced irrespective
of the value assigned to the driving frequency since the motion of the particles is domi‑
nated by the gravity force, and hence the particles simply settle on the electrode surface
wherever they happen to be located in the bulk fluid. Overall, the results suggest that the
optimal driving frequency for the optoelectrokinetic trapping of the present particles lies
within the range of 2~100 kHz. Moreover, the optimal frequency reduces with an increas‑
ing particle size.

4.6. Particle Sorting
A final experiment was performed to evaluate the feasibility for utilizing the REP ef‑

fect induced under different driving voltages to perform the size‑dependent sorting of the
particles. A colloidal solution consisting of DI water and amixture of 3‑µmand 11‑µmpar‑
ticles was prepared and injected into themicrochannel by capillary forces. The laser power
and driving frequencywere set as 75W/cm2 and 25 kHz, respectively, and the driving volt‑
age was set as 20 Vpp. The particles with a smaller diameter of 3 µm gradually aggregated
within the cluster range (as shown in Figure 5). However, the particles with a diameter
of 11 µm remained motionless. When the driving voltage was increased to 35 Vpp, the
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11‑µm particles gradually accumulated within the cluster range, while the 3‑µm particles
circulated continuously within the toroidal vortex structure due to the stronger drag force.
The corresponding results are shown in Figure 8, in which the 11‑µm particles are circled
for ease of visualization, while the 3‑µm particles are shown in black and are distributed
over the toroidal flow range (Note that the focus plane of the CCD camera was adjusted
to capture the motion of the heavier 11 µm particles, and hence the 3‑µm particles appear
slightly blurry in the images). The experimental images presented in Figure 8 confirm the
feasibility for sorting the particles based on their size.
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5. Conclusions
This study has conducted a numerical and experimental investigation into the manip‑

ulation of polystyrene beads within a REP chip consisting of a 100‑µm deep microchannel
sandwiched between two ITO‑coated parallel plate glass electrodes. The simulation re‑
sults have shown that under appropriate REP conditions (i.e., certain values of the laser
power intensity, AC electric field voltage, and AC electric field frequency), recirculating
toroidal vortex structures are induced, which transport the particles within the bulk fluid
such that they first approach and thenmove away from the illuminated hot‑spot region on
the lower electrode. However, at certain critical values of the REP parameters, a trapping
force is also induced, which causes some of the particles to be ejected from the recirculating
vortex structures and to accumulate on (or close to) the hot‑spot region. The outcome of
the competition process between the drag force induced by the rotating vortex structures
and the trapping force induced by the particle‑electrode interactions in the vicinity of the
hot‑spot is dominated by the effect of the DEP force, which scales proportionally with the
third power of the particle radius. The simulation results showed that the trapping force
(4.53 × 10−12 N) acted on the 1‑µm particles more than the drag force (7.34 × 10−13 N).
Therefore, the particles are brought toward the laser illumination spot on the bottom side
of the chip given the considered laser power of 75 W/cm2, driving voltage of 35 Vpp, and
driving frequency of 25 kHz. The experimental results show that the range over which
the toroidal vortex transports the particles increases with an increasing laser power inten‑
sity and reducing particle size. By contrast, the range over which the particles are trapped
and cluster on the hot‑spot region of the lower electrode reduces as the laser power in‑
creases due to the corresponding increase in the intensity of the recirculating flow struc‑
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tures. The cluster range similarly reduces with a reducing particle size since the particles
with a smaller dimension (and hence weight) are more readily transported by the toroidal
vortex structures.

The experimental results have shown that the particle velocity increases with an in‑
creasing laser power and a reducing particle size. Moreover, for a constant laser power, the
velocity of the particles toward the center of the laser illumination zone in the lower region
of the microchannel is greater than that of the particles moving away from the laser illu‑
mination zone in the upper layer of the channel for larger particles. However, an opposite
tendency is observed for the particles with a smaller dimension. For a constant laser power
and driving voltage, the particles experience four different trapping effects as the driving
frequency increases, namely (1) a strong trapping force, (2) no trapping (with vortexes),
(3) a weak trapping force, and (4) no trapping (without vortexes). Generally speaking, the
threshold frequencies associated with the different trapping responses reduce with an in‑
creasing particle size. For the particles considered in the present study with a diameter in
the range of 3~11 µm, the optimal frequency rangewas shown to be 2~100 kHz. Finally, the
experimental results demonstrate the feasibility of performing a size‑dependent sorting of
the particles by setting an appropriate value of the REP driving voltage (i.e., 35 Vpp for the
present colloidal solution containing a mixture of 3‑µm and 11‑µm particles).
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