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This paper reports on an optoelectrofluidic platform which consists of the organic photoconductive material, titanium oxide
phthalocyanine (TiOPc), and the photocrosslinkable polymer, poly (ethylene glycol) diacrylate (PEGDA). TiOPc simplifies the
fabrication process of the optoelectronic chip due to requiring only a single spin-coating step. PEGDA is applied to embed the
moldless PEGDA-based microchannel between the top ITO glass and the bottom TiOPc substrate. A real-time control interface
via a touch panel screen is utilized to select the target 15 μm polystyrene particles. When the microparticles flow to an illuminating
light bar, which is oblique to the microfluidic flow path, the lateral driving force diverts the microparticles. Two light patterns,
the switching oblique light bar and the optoelectronic ladder phenomenon, are designed to demonstrate the features. This work
integrating the new material design, TiOPc and PEGDA, and the ability of mobile microparticle manipulation demonstrates the
potential of optoelectronic approach.

1. Introduction

The microparticle manipulation by using either optical for-
ces or electrokinetics has been getting important and popu-
lar, especially in fields like lab-on-a-chip. The former utilize
a laser beam to trap microparticles toward the focal point.
The invention of optical tweezers [1–3] and the various de-
velopment of the holographic optical tweezers [4, 5] have
established a convenient platform to manipulate either single
or multimicroparticles. However, the requirement of high
N.A. value lens in optical tweezers to perform a high
focal laser beam highly reduces the working distance and
constrains the application [6, 7]. The latter such as dielec-
trophoresis (DEP) induces microparticle polarized in a non-
uniform electric field to either attract or repel toward the
field maximum or minimum [8, 9]. General methods to
generate nonuniform electric field are to fabricate metal elec-
trodes on the glass substrate. The fixed metal pattern limits
the flexiblity to manipulate microparticle. Recently, Chiou
et al. integrated the optical flexibility and the electronic ap-
proach to present optoelectronic tweezers (OETs) [10]. Its

various applications have been applied in biological field
[11].

Photoconductive material is a key character of the OET.
The amorphous silicon (a-Si) is usually fabricated on an ITO
glass to prevent the charges [12]. While the light pattern
with proper absorbing wavelength is projected onto the a-Si
layer, the resistance within the illumination region is reduced
and the charges transport through the a-Si layer to form a
virtual electrode. Due to the flexibility of light pattern, the
nonuniform electric field induced by illuminating method
is able to manipulate the microparticle within the region
which the light can cover. Polystyrene particles [10, 13], bio-
logical sample [10, 11, 13–15] DNA [16, 17], and other mi-
croparticles [18–21] are able to be manipulated by this op-
toelectronic approach.

The micromolding approach of photocrosslinkable poly-
mers has been widely applied in cells patterning and three-
dimensional artificial tissue [22–25]. The structure of pho-
tolithographically patterned poly(ethylene glycol) diacrylate
(PEGDA) enables to fabricate microwell array [26, 27],
cultures cells inside hydrogels [28], and forms cell-laden
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microgels for the fabrication of 3D tissue constructs [29].
The high-resolution feature of photolithographically pat-
terned PEGDA hydrogel has been also applied to photoresist-
based patterns [30] as master molds for generating
poly(dimethylsiloxane), PDMS, microstructures [31]. Com-
paring to the methods of turning the PDMS microfluidics
from PEGDA-based mold, here we present the approach of
fabricating the microchannel which is directly embedded
into the optoelectrofluidic chip.

Polymer-based and organic material OET devices have
been reported [32, 33]. Herein, we use the simplified fabri-
cation process with the photoconductive material, titanium
oxide phthalocyanine (TiOPc), to fabricate our optoelectro-
fluidic chip. Comparing with a-Si deposition process, a single
spin-coating step is able to finish the fabrication of our
TiOPc-based OET chip. We also demonstrate the PEGDA
microchannel used for pumping and injecting the medium
containing polystyrene particles. This integration providing
a tunable and constant liquid flow velocity promotes the
optoelectronic technology as a optoelectrofluidic platform
for the microparticle manipulation. By utilizing dynamic
optical images to generate the light-induced DEP force, this
plateform demonstrates the feature of microparticle selection
which can be done by the design of either the switching
oblique light bar or the fixed slanting in-parallel light bars.

2. Principle of TiOPc-Based Light-Induced
Dielectrophoresis Chip

DEP was investigated by H. A. Pohl (1951), who performed
the early significant experiments with the small plastic mi-
croparticles suspended in insulating dielectric liquid and
found that they could be driven in response to the application
of a nonuniform electric field [34, 35]. This phenomenon has
been applied to manipulate the microparticles such as virus,
bacteria, neurons, and limited cells in microfluidics [36].
The time-averaged DEP force, FDEP, acting on a spherical
microparticle of radius r suspended in the insulating me-
dium of relative permittivity εm is given by

FDEP = 2πr3εm Re
[
fCM(ω)

]∇E2
rms. (1)

Here, E2
rms is the root mean square of the ac electric field, and

fCM(ω) is the Clausius-Mossotti factor [36, 37].
In our PEGDA-based optoelectrofluidic platform, the

microparticles are suspended in the insulating medium and
sandwiched between the top indium tin oxide (ITO) conduc-
tive glass and the bottom photoconductive layer substrate.
The feature of photoconductivity is that its conductivity can
be enhanced when the suitable wavelength light illuminates
on it. In the illumination region, the charges transport the
conductivity layer and assemble on its surface to form a vir-
tual electrode. The size of virtual electrode on the photo-
conductivity surface is much smaller than the top ITO
plane, relatively. Therefore, the electric field intensity within
the illumination region is the maxima, while ac voltage is
applied between the top and the bottom ITO glasses. The
microparticle experiences either the positive DEP force at-
tracting toward the light pattern or the negative DEP force

repelling toward the nonilluminated region. In this paper,
the microparticles, polystyrene beads, always experience the
negative DEP force [13] under our operation condition
setup.

3. Chip Fabrication

The general method to fabricate microfluidic channel takes
the advantage of convenience of polydimethylsiloxane-
(PDMS-) based microstructure. Utilizing standard photo-
lithography process to fabricate SU-8 negative photoresist on
the silicon substrate and turning the case mold with PDMS
are widely used to form the designed microchannels. It is a
convenient approach for a microchannel with any complex
component. However, for our optoelectrofluidic platform
with the top ITO glass and the bottom TiOPc substrate,
a thin PDMS film is easy to remain on the top ITO glass
above the microchannel. That would limit the electric field
distribution within the microchannel.

The oxygen plasma treatment would help the bonding of
the PDMS surface and the glass substrate, but the conductiv-
ity of indium oxide layer on the glass plane would reduce the
bonding force between itself and PDMS surface. Therefore,
PDMS microchannel is not the first choice for our light-in-
duced dielectrophoresis chip.

This research integrates the OET system and the mi-
crochannel structure. Professor Lee’s group utilizes a light
bar switch to select the polystyrene beads of specific diameter
into the desired channel [38]. Professor Wu’s group uses the
dynamic nonuniform electric field to induce the cells elec-
troporation and get the fluorescent tags through the mem-
brane into the cell [39]. Both of them utilize positive pho-
toresist SU-8 to fabricate the microchannels. Besides, the
latter applies the UV-curable epoxy to seal the SU8 mi-
crochannel. Although the SU-8 provides a convenient way
to guide the liquid flow on a-Si-based OET chip, it is not the
good choice for our organic photoconductive TiOPc-based
chip. The hardened TiOPc layer would be dissolved in the
alcoholic solution. Besides, the solvent to develop the SU-
8 structure on TiOPc surface would also destroy the TiOPc
characters. TiOPc would be washed out by these two organic
solutions. Therefore, we develop the PEGDA material to
fabricate the microchannel in this research. Besides, it is
much convenient to fabricate PEGDA-based microchannels
because there is no need to make the mold first. Moreover,
there are usually three PDMS walls for the PDMS channel,
two sides and one top cover. The PEGDA-based channel only
has two side PEGDA walls. It keeps the features of the top
ITO glass and the bottom substrates. This is suitable for our
TiOPc-based optoelectronic chip.

The schematic of the process to fabricate the moldless
PEGDA-based microchannel on the TiOPc-based optoelec-
trofluidic chip is shown in Figure 1. The TiOPc liquid is
dropped on a 3 cm × 8 cm ITO glass substrate. The thin
TiOPc layer of about 500 nm is spin coated at 1000 rpm for
10 sec (Figures 1(a) and 1(b)). After baking at 130◦C for
30 min to remove the organic solvent and harden the pho-
toconductivity structure, the thin TiOPc layer stays stable for
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Figure 1: Fabrication process of the TiOPc-based light-induced
DEP chip and the moldless PEGDA-based microchannel.

months on the ITO glass surface under normal operation
(Figure 1(c)). Because our operation area is about 3 cm ×
8 cm, the ethanol-water solution (70 : 30) is utilized to wipe
out the unused area and remain the suitable operation area
of TiOPc surface (Figure 1(d)). The PEGDA prepolymer so-
lution, which is prepared by mixing 5 mL of PEGDA (MW
258 Da, 99%) with 150 mg of 2,2-dimethoxy-2-phenyl-ac-
etophenone (DMPA, 99%) photoinitiator, is sandwiched
between the top ITO glass and the bottom TiOPc-coated sub-
strate (Figure 1(e)). The UV light of 350∼500 nm wavelength
illuminates on the chip for several seconds (Figure 1(f)).
After photocrosslinking, microchannel is developed by uti-
lizing DD-water to remove the noncrosslinked prepolymer
and dried with N2 blowing. Finally, the chip is placed on the
hotplate at 40◦C for 30 min to remove the water vapour and
harden the PEGDA-based microstructure.

Inlet
Outlet

Bottom ITO glass
Top ITO glass

Spacer
TiOPc layer

PEGDA-based channel

Figure 2: The moldless PEGDA-based optoelectrofluidic chip
prototype. The overlapping area of TiOPc layer and PEGDA-based
channel is the working region.

The moldless PEGDA-based optoelectrofluidic chip pro-
totype is shown in Figure 2. The TiOPc layer is spincoated
on the bottom ITO glass. Inlet and outlet holes are drilled
on the top ITO glass. Before the UV light exposure, the four
square spacers of 60 μm height are placed at the corners
of the exposure region. The prepared PEGDA solution is
sandwiched between bottom and top ITO glasses. After pho-
tocrosslinking of UV light illuminating, the microchannel is
formed between the two ITO glasses.

4. The Operation System Setup for the TiOPc-
Based Light-Induced Dielectrophoresis Chip

The optoelectrofluidic platform consists of three parts, the
optical system, the optoelectronic chip, and the liquid pump-
ing setup. The light source is provided by a Philips UHP
mercury lamp and concentrated as a straight beam when it
passes through a pair of focusing lenses, an optical alignment.
The light illuminates on a digital micromirror display (DMD,
with a spatial resolution of 1024 × 768 pixels). The pattern
of micromirror is controlled by a touch-panel device, MSI
AE 2000, and the manipulation interface is programmed by
using Flash software (Adobe Systems Co., Ltd.). After the illu-
minating light reflects from the DMD surface, the light pat-
tern is formed as the designed pattern on the controlled sur-
face. A pair of focus lenses, which consist of two lenses with
200 and 10 mm focal lengths respectively, are utilized to
concentrate the pattern size as 1/20 times and project the
light pattern onto the TiOPc surface. The chip is placed on
an XYZ translation stage for tuning the projected image. A
function generator (33120A, Agilent) is used to provide the
out-of-phase ac voltage required for the DEP operation on
the optoelectrofluidic platforms. A syringe pump (SP230IW,
WPI, Fl., USA) is utilized to pump and regulate the
flow streams containing with the microparticles polystyrene
beads. The motion of microparticles manipulated by light
image is captured and recorded by a 10x object lens and
a digital CCD camera connecting to a desktop computer
(Figure 3).
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Figure 3: Schematic diagram of the optoelectrofluidic system.
The optical system, the optoelectrofluidic platform, and the liquid
driving pump are three main parts.

5. PEG-Based Microchannel

Here, we design the T junction pattern for the PEGDA-
based microchannel. The channel width in Figures 4(a) and
4(b) is 100 μm and 300 μm, respectively, for two different
microchannel designs. Before UV light illuminating, the
PEGDA solution of about 50 μl is sandwiched between the
top and the bottom glasses. After 7 seconds of UV pho-
topolymerization process, the microchannel is fabricated
and exhibits a good optical transparency and robust pack-
age. The DMPA ratio in PEGDA solution determines the
exposure time and the later microstructure expansion. The
diffraction influence of UV illuminating is a significant phe-
nomenon when the PEGDA solution is exposed. According
to our experimental results, we could easily fabricate the
microchannel of about 100 μm width.

6. Optical Virtual-Electrode Switch for
Microparticle Selection

When the light pattern is projected on the photoconductivity
material, the conductivity is reduced, and the charges trans-
port to the TiOPc layer to form a virtual electrode, on its
surface. Microparticles would be either attracted toward the
light pattern due to the positive DEP force or repelled to
the nonilluminated region due to the negative DEP force. If
the microfluidics system is integrated with this DEP oper-
ation, the microparticle would experience liquid driving
force dominated by the liquid flow. This integration of
microfluidics and light-induced DEP increases the operation
flexibility.

Here, we combine the convenience of light-driven opera-
tion with the feature of moldless PEGDA-based microfluidics
channel to develop the optical virtual switch approach for

300 µmPEGDA channel

(a)

300 µm

(b)

Figure 4: T junction of PEGDA-based microchannel. (a) 100 μm
wide microchannel and (b) 300 μm wide microchannel.

microparticle selection as shown in Figure 4(a). The light
pattern projected on the TiOPc surface has two different
functional regions, alignment part and virtual switch part.
The liquid flows rightward in the PEGDA-based microchan-
nel containing with the dispersedly suspended microparti-
cles. In order to arrange the microparticle as a line one
by one, the light pattern with the funnel-like geometry is
designed for the entrance guiding. When the microparticle
reaches the edge of light pattern, it experiences a repelling
force (negative DEP) toward nonilluminated region. In
Figure 5(a), the direction of flow-driving force is rightward,
and the direction of OET force is in the upper left. These two
forces dominate the net force, FNet, which is in the direction
of the up right at the entrance of the switch. Then, the
microparticle is able to be selected into the specific
downstream pathway based on our virtual switch command.
The upper channel and down channel are two flash models,
as shown in Figures 5(c) and 5(d), to guide the microparticle
into different pathway. The polystyrene bead experiences
negative DEP force and only moves within the minimum
electric field region which is the nonilluminated region on
the TiOPc surface. To preverify the DEP effect induced by the
light pattern for predicting the trajectory of moving micro-
particles, a commercial finite element software CFD-ACE+
(CFDRC, Huntsville, Ala) is utilized to simulate the steady-
state electric field, which dominates the DEP force to drive
the mobile microparticles. Figure 5(b) shows the simulation
result of electric field distribution, E square, on the chip.
The illumination region has the large electric field, and the
nonilluminated region provides the minimum electric field
for polystyrene bead. The negative DEP force guides the bead
at the nonilluminated region, and the liquid flow drives it to
move rightward as the black-dotted line shown in
Figure 5(b). This research work integrates touch panel for the
convenient and intuitive microparticle manipulation. The
real-time controlling interface is programmed by using Flash
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Figure 5: (a) Optical virtual-electrode switch. (b) Numerical
simulation of the virtual-electrode switch. (c) The upperchannel
model and (d) downchannel model light image on the touch panel
for control interface. The black shape is the finger for triggering the
model switch.

software. The light pattern switch between upper-channel
and down-channel models is triggered by the functional
triangle image shown in Figures 5(c) and 5(d). The touch
panel screen and the feature of Flash software provide a
user-friendly interface. We switch the light image of different
modes on the TiOPc surface by the finger shown in Figures
5(c) and 5(d). As a mobile microparticle moving from the
entrance, we can select the microparticle to move in the de-
sired downstream pathway by the simple finger operation.

The selection process of microparticles based on the
optical virtual-electrode switch is demonstrated and re-
corded as shown in Figures 6(a)–6(f). The different color
arrows/dotted circles indicate the moving path of the
individual bead in the microchannel. The microparticles are
arranged one by one toward the entrance by the funnel-
shape light pattern, which generates negative DEP force. The
microparticle enters the selection region with a characterized
velocity of 100 μm/s. When the light pattern is in upper-
channel model, the polystyrene bead will be guided to the
upper pathway.

When the light pattern is in down-channel model, the
polystyrene bead will be guided to the lower pathway. The
light pattern mode is switched from the under-channel
model to the down-channel mode by touching the triangle

Flow

t = 3 s

(a)

t = 5 s

(b)

t = 8 s

(c)

t = 11 s

(d)

100 µm t = 14 s

(e)

t = 17 s

(f)

Figure 6: (a)–(f) The microparticle selection process. The
microparticles with the velocity of 100 μm/s are selected toward
different downstream channel by our designed light pattern.

on the touch panel screen to trigger operation mode switch.
Figures 6(a)–6(f) demonstrate the switch and selection
process for different microparticles. The beads indicated by
yellow, black, and orange colors are arranged in order to the
entrance and selected to different desired channels. These
processes demonstrate that utilizing light pattern projecting
onto the TiOPc chip to select desired mobile polystyrene
bead provides a convenient platform for microparticle se-
lection.

7. Optoelectronic Ladder Effect for
Microparticle Sorting

Optoelectronic ladder effect is another application utilizing
the virtual electrode to sort mobile microparticles. As a line-
shape light pattern projected onto the TiOPc chip surface,
a virtual electrode like a line is formed on the TiOPC sur-
face, and a nonuniform electric field is generated in space.
When a moving microparticle encounters this electric field,
it would experience an either attracting or repelling DEP
force. The force from liquid flow, FFlow, drives the micropar-
ticle rightward. The second force, FOET, acting on the micro-
particle is provided from the nonuniform electric field with
the DEP direction perpendicular to the linear light pattern.
The net force, FNet, as illustrated in Figure 6(a) drives the
microparticle toward the right-up direction along the virtual
electrode, the linear light bar. Because the electric field distri-
bution of the nonuniform electric field is three dimensions
as shown in Figure 7, the microparticle is elevated to stride
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Figure 7: The simulation of nonuniform electric field distribution
generated due to the linear light-induced virtual electrode pattern.
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Figure 8: Electric field simulation for the optoelectronic ladder
effect induced by the in-parallel slanting light bars. (a) Side view
and (b) top view of the induced electric field distribution.

across the virtual electrode like climbing a mountain. As it
passes and falls down to the TiOPc surface and keeps moving,
this process generates a lateral displacement between the
original and final moving directions.

Utilizing a series of slanting linear light image to gen-
erate three-dimensional nonuniform electric field for the
lateral displacement of microparticles is the concept of our
optoelectronic ladder effect. When a microparticle passes one
light image, the microparticle particle has a one-step lateral
displacement, L, between the original and the final moving
direction. Several slanting linear light bars in parallel would
enlarge these lateral displacements. The trace of the micro-
particle crossing over these series of in-parallel light images
is just like a ladder. Figure 8(a) shows the simulation of

100 µm

(a) (b) (c) (d) (e) (f) (g)

( h )

Figure 9: (a)–(g) The red arrow/dotted circle indicates the position
of microparticle along the microchannel. The lateral displacement
is enlarged by a series of DEP forces generated due to TiOPc-based
light-induced dielectrophoresis. The time interval of each image is
0.5 sec. (h) The light image projected on the TiOPc surface.

electric field distribution for a series of slanting light-bar
pattern, which is utilized to enlarge the lateral displacement
of the microparticle. Figure 8(b) illustrates the moving tra-
jectory of the microparticle when it passes the in-parallel
slanting light-bar pattern. As the flow velocities are 520 μm/s,
260 μm/s, and 150 μm/s, the average lateral displacements
of microparticles crossing the slating light bar are 5.2 μm,
8.1 μm, and 11.9 μm, respectively. The distance of lateral dis-
placement could be assigned and tuned via the flow velocity.

The experimental recording for the trajectory of the
moving microparticle experiencing the nonuniform electric
field is shown in Figure 9(a)–9(g). Figure 9(h) is the light
pattern projected on the TiOPc surface. The front part with
the shape similar to a funnel is utilized to line up the micro-
particles to enter the entrance. While the microparticle mov-
ing rightward encounters the slanting light-bar image, the
negative DEP force would push it upward to make a lateral
distance between the original and the final direction. The red
arrow/dotted circle indicates the microparticle position. The
more slanting light bars more the microparticle passes, the
more lateral displacement would be enlarged.

The microparticle lateral displacement is dominated by
the TiOPc-based light-induced DEP force and the liquid flow
driving force. Therefore, the tuning of the liquid flow would
also influence the lateral displacement of the microparticle.
The relationship between the lateral displacement and the
flow velocity is characterized and shown in Figure 10. The
time of the microparticle moving from TiOPc surface to
the DEP-force-constrained height in the nonuniform electric
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Figure 10: The relationship of lateral displacement in different
flow velocity. The lateral displacement is enlarged in the low flow
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field determines the lateral displacement. If the microparticle
spends more time climbing the mountain-shape nonuniform
electric field, the net force, Fnet, has more time to act on it
to generalize the larger lateral displacement. A mobile mi-
croparticle with the slow velocity would have a large lateral
displacement. After passing seven slanting light bars, a mi-
croparticle with 520 μm/s velocity has only 40 μm lateral dis-
placement. For a slow velocity, 150 μm/s, its lateral displace-
ment is 90 μm.

8. Conclusions

We report the development of the moldless PEGDA-based
optoelectrofluidic platform for the demonstration of micro-
particle selection. The negative DEP force is induced by the
virtual electrode which is formed due to the illuminating
light pattern. The application of the organic photoconduc-
tivity material, TiOPc, simplifies the chip fabrication process.
PEGDA-based microchannel is embedded onto the TiOPc
layer to provide the required liquid flow. The target mobile
microparticle is able to be selected by the virtual switch.
The different lateral displacements of a moving polystyrene
particle encountering a series of slanting light bars under
distinct flow velocity are measured. With this integration,
this optoelectrofluidic platform provides a suitable approach
to fabricate a microfluidic system on the TiOPc-based OET
chip and to supply a functional manipulation of microparti-
cle under the continuous flow.
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