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This  paper  reports  a fabrication  technology  which  integrates  organic  opto-electrowetting  (OEW)  with
PEGDA-based  microfluidics  between  stacked  ITO  glass  chips  for droplets  generation  and  manipulation.
Organic  OEW  can  be realized  by using  titanium  oxide  phthalocyanine  (TiOPc)  as  a  photoconductive  layer.
Optical  images  can be projected  on an  organic  OEW  area  to  induce  the local  virtual  electrodes  which
reduce  the  surface  energy  for actuating  droplets.  Low-molecular-weight  (LMW)  PEGDA (poly(ethylene)
glycol  diacrylate)  material  is  used  to form  stable  and  biocompatible  microchannels  between  the  stacked
ITO glass  chips  by UV  photopolymerization  process.  PEGDA-based  microfluidics  provides  a  simpler
eywords:
pto-electrowetting (OEW)
iOPc
hoto-conductor
lectrowetting on dielectric (EWOD)

way  to  enhance  droplets  applications  in  organic  OEW.  We  demonstrate  (1)  the  droplet  formation  in
PEGDA  microstructure,  (2)  the motion  of  droplet-in-air  and droplet-in-oil  operated  by TiOPc  OEW  in this
platform.  This  technology  requires  only  spin-coating  and UV  exposure  and  is  more  cost-effective  than
previous  methods.
ielectrophoresis (DEP)
oly(ethylene) glycol diacrylate (PEGDA)

. Introduction

Droplet-based systems have been mainly studied in the
ell calibrated droplet formation and the droplet manipulation

n microfluidics [1].  Different approaches of droplet forma-
ion can produce many kinds of droplets, such as liquid and
il droplets, for material science and biochemical applications.
-junctions and flow-focus microstructures have been compre-
ensively designed for droplet formation and fabricated by silicon
tching or soft lithography process [2–6]. Electrowetting (EW) and
ielectrophoresis (DEP) can provide droplet manipulation on the
lectrode-patterned substrate for lab-on-a-chip applications. Elec-
rowetting technology has accomplished several fluidic functions
n handling and actuating droplets, such as droplet transporta-
ion, mixing, and separation [7–11]. Electrical control without

oving parts has advantages over traditional mechanical con-

rol with pumps and valves, which may  cause mechanical issues,
uch as structural failing, clogging, leaking and unwanted mix-
ng among different chemical reagents. DEP utilizes the liquid
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electrical properties and non-uniform electrical field distribution
to actuate either non-conductive or dielectric droplets [12]. In
recent years, the advanced technologies like opto-electrowetting
(OEW) and optoelectronic tweezers (OET) have been developed to
produce light-induced electrowetting and DEP forces for droplets
manipulation [13–19].  Wu’s group firstly demonstrated OEW  by
integrating amorphous silicon (a-Si) as a photoconductor into
electrowetting on dielectrics (EWOD) devices [14]. By projecting
optical images to alternate conductivity of the photoconductor
layer, virtual electrodes can be formed to induce OEW and may
replace the complex physical electrodes required for compli-
cated signal control in electrowetting systems. In this study, we
focus on integrating droplets formation and OEW  with a new
and cost-effective fabrication process suitable for biological appli-
cations. Two  technologies, TiOPc-based OEW and PEGDA-based
microfluidic chip, are implemented for this purpose. The TiOPc
organic photoconductor provides an alternative for OEW  appli-
cations because of its many advantages, including non-toxicity,
low cost, easy coating process, flexibility, and high photosensitivity
[20–23]. In previous microfluidic chips for droplet formation, sili-

con etching, photolithography and polydimethylsiloxane (PDMS)
molding processes are the common fabrication methods. In the a-
Si based optoelectronic tweezers (OET) systems [24–30],  the SU-8
microstructure is patterned on the ITO glass and adhered to the

dx.doi.org/10.1016/j.snb.2011.12.059
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
mailto:ark.ep96g@g2.nctu.edu.tw
mailto:liuch@pme.nthu.edu.tw
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36 T.-M. Yu et al. / Sensors and Actuators B 180 (2013) 35– 42

F obic 

b em.

a
t
I
a
i
W
u
t
a
o
H
m
m
s
m
L
e
t
o
s
t
f
m
i

2

c
u
p
h
t
p
a
w
T
l
T
t

c

w
c
o
t
o

a
t

results in the less voltage drop across the SU-8 layer which cannot
produces the enough OEW force to manipulate droplets.
ig. 1. Contact angle changed by EWOD effect. (a) A droplet rests on the hydroph
etween a droplet and a dielectric layer reduces when a voltage is applied across th

-Si coated ITO glass by using a UV-curable epoxy [30]. However,
hese methods are not suitable for TiOPc OEW between the stacked
TO glasses. A series of steps in lithography and UV-curable epoxy
dhesion increase the complexity of the fabrication and the etch-
ng process may  damage the coating of organic TiOPc material.

e demonstrated PEGDA-based microfluidic structure made by
sing the UV photopolymerization. This method provides a solu-
ion for integrating TiOPc-based OEW with droplets formation in

 single chip. PEGDA is widely used in biological fields because
f its biocompatible property and convenient fabrication [31–36].
wang et al. reported a new method for the fabrication of PDMS
icrostructure by using micropatterned LMW  PEGDA (MW  258)
aster molds [37]. The mold of LMW  PEGDA has a stable and robust

tructure and its thickness is defined by commonly available spacer
aterials (tapes). We  combine the advantages of TiOPc OEW and

MW PEGDA mold technologies to achieve a simpler process for
mbedding TiOPc OEW into the PEGDA-based microfluidic struc-
ure. The fabrication of PEGDA microstructure eliminates the need
f SU-8 etching and UV-curable epoxy steps in the optoelectronic
ystems. The thickness of PEGDA microstructure can be defined by
apes, which eliminate the rotation rate test of SU-8 spin-coating
or finding the optimal thickness parameters. This rapid fabrication

ethod provides more possibilities in the applications of droplets
n digital microfluidics.

. Theory

EWOD is a technology of utilizing the electrical potential to
hange surface energy for modulating contact angles between liq-
id and insulator (dielectric layer) interfaces. Fig. 1(a) shows a
olarizable and conductive liquid droplet is initially rested on a
ydrophobic surface of a dielectric layer. When an electrical poten-
ial is applied between the droplet and the dielectric layer to
roduce redistribution of charges within the interface of droplet
nd the dielectric layer, the surface of dielectric layer become
et to reduce the droplet’s contact angle (showed in Fig. 1(b)).

he hydrophilized surface is a result of lowering the energy of
iquid–solid interface in the droplet-insulator-electrode system.
he following equation describes the relationship between the con-
act angle and the applied voltage:

os �(V) = cos �0 + εε0

2�LV d
V2 (1)

here �(V) is the contact angle when a potential is applied, �0 is the
ontact angle without applied potential, ε is the dielectric constant
f the dielectric layer, ε0 is the dielectric constant of vacuum, �LV is
he surface tension at the liquid–vapor interface, d is the thickness

f the dielectric layer, and V is the applied voltage.

According to the definition of Eq. (1),  the contact angle is
ffected by the voltage applied on the liquid–insulator structure,
he dielectric constant and thickness of the dielectric layer. OEW
surface above a dielectric layer without an applied voltage. (b) The contact angle

integrates photoconductive material into an EWOD device to form
a light-controlled impedance layer between the dielectric layer and
electrode. Without light illumination, the high impedance prop-
erty of the photoconductive TiOPc layer results in very little voltage
drops across the insulator (SU-8) and the contact angle remains the
same as without electrowetting effect (Fig. 2(a)). When light illumi-
nates on the TiOPc OEW device, the conductivity of the TiOPc layer
increases by several orders of magnitude due to the electron–hole
pair generation (Fig. 2(b)). Because the impedance of TiOPc layer is
reduced with light illumination, most of the voltage drops across
the SU-8 layer occur at the illuminated region to decrease the
contact angle. The virtual electrodes induced by optical images gen-
erate electrowetting effect to manipulate droplets with AC bias.
Fig. 2(c) is the equivalent circuit model of the TiOPc OEW device.
RTiOPc and CTiOPc are the lumped resistance and capacitance of
TiOPc, CSU-8 is the lumped capacitance of SU-8, and Rwater and
Cwater are the lumped resistance and capacitance of the water layer,
respectively. By adjusting the frequency of the electrical potential
across CTiOPc, CSU-8 and Cwater, the impedances of SU-8 and TiOPc
layer are controlled for the OEW actuation. The large impedance of
SU-8 layer and the high light conductivity of TiOPc result in most
of the voltage drop across the SU-8 layer to generate the EOW force
on the droplets with light illumination. When no light is emitted
on the TiOPc OEW device, the low dark conductivity of TiOPc layer
Fig. 2. Principle of TiOPc OEW. (a) Voltage drop is distributed evenly over the TiOPc
layer without light illumination. (b) Most voltage drop occurs on the local area of
the  SU-8 layer illuminated by light source. (c) The equivalent circuit model of our
TiOPC OEW device.
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ig. 3. The working principle of TiOPc OEW in PEGDA microfluidic chip. Oil and
ater meet at the droplet generation area for producing well calibrated droplets.

iOPc OEW provides the driving force on droplets in the droplet manipulation area.

. Methods

.1. Device working principle

Our TiOPc OEW in the PEGDA microfluidic chip includes two
reas, which are the droplet generation area and the droplet manip-
lation area, as illustrated in Fig. 3. In this system, oil and water,
hich are respectively defined as the continuous phase and the
ispersed phase, are pumped into microchannels to enable the
echanism of droplet formation. Two phase flows meet in the

roplet generation area, which utilizes the flow-focus channel

unction of the oil and water streams to produce monodispersed
roplets. After entering the droplet manipulation area (TiOPC
EW), water droplets are controlled by dynamically light-induced
lectrowetting.

ig. 4. The fabrication of TiOPc-based OEW device. (a) TiOPc spin-coating on a bot-
om  ITO class. (b) Dielectric layer (SU-8) spin-coating and UV exposure. (c) Teflon
pin-coating for increasing the hydrophobic property of the SU-8 surface. (d) The
tructure of TiOPc-based OEW device.

Fig. 5. PEGDA-based microfluidic structure fabrication steps. (a) PEGDA photocur-
able solution is loaded into the stacked ITO glass chips from inlets. (b) PEGDA

photopolymerization process begins by UV light after the photomask is aligned to
TiOPc-coated surface, inlet holes and outlet holes. (c) Photocurable PEGDA-based
microfluidic structure is constructed after ethanol washing.

3.2. Organic opto-electrowetting fabrication

The working principle of the organic OEW is demonstrated in
Fig. 2. TiOPc, SU-8 (dielectric layer) and Teflon, from bottom to top,
are spin-coated on the bottom ITO glass with the thicknesses about
1 �m,  1 �m,  and 20 nm,  respectively. The flowcharts of organic
OEW fabrication are shown in Fig. 4. TiOPc is spin-coated on the
bottom ITO glass and put on the hot plate at 120 ◦C for 30 min
to enhance TiOPc adhesion with the ITO glass (Fig. 4(a)). SU-8 is
spin-coated on TiOPc layer as the dielectric layer and exposed by
UV photopolymerization (Fig. 4(b)). Teflon film is spin-coated on
SU-8 layer and heated at 150 ◦C overnight to increase the hydropho-
bic property of the surface (Fig. 4(c)). Top ITO glass has two inlets
and one outlet, and is spin-coated with 20 nm of Teflon. Fig. 4(d)
shows the combination of the top and bottom chips to construct
TiOPc-based OEW device. All steps of the organic OEW fabrication

are accomplished by operating the spin-coating and UV exposure
machines in the laboratory. Comparing to the a-Si based OEW
device fabricated by using plasma enhanced chemical vapor depo-
sition (PECVD) in the foundry, our fabrication method offers a
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Fig. 6. Set-up of the optical, electrical and pumping parts in the system. The dynamic
light pattern is projected onto the operation region within the TiOPc OEW area.
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iquid droplets are generated via PEGDA-based microchannels. A function genera-
or and AC voltage amplifier are utilized to provide external AC voltage for EWOD
riving power.

impler and cost-effective approach to develop OEW applications
n the laboratory.

.3. PEGDA-based microfluidics fabrication

The method of fabricating PEGDA-based microfluidic structure
s shown in Fig. 5. The photocurable monomer solution is pre-
ared by mixing 1 mL  of PEGDA (MW  258 Da, 99%) with 20 �L of
MPA (10 wt%) photoinitiator and then loaded into the space of two
arallel ITO glass chips with a 40 �m tape in between, as shown

n Fig. 5(a). PEGDA and 2,2-dimethoxy-2-phenyl-acetophenone
DMPA) are provided by Sigma–Aldrich (Wisconsin, USA). Fig. 5(b)
hows UV photopolymerization of PEGDA by using a photomask
o pattern the microfluidic structure. Finally, a PEGDA-based

icrofluidic structure, as shown in Fig. 5(c), is constructed by
thanol washing of unexposed PEGDA through inlets.

.4. Experiment system setup

The experimental system includes three parts, which are the
ptical part, electrical part and pump part, as shown in Fig. 6:

1) Optical part generates programmable optical images on the

TiOPc OEW area to control the conductivity of TiOPc and induce
virtual electrodes. This part includes a projector, an optical lens
module, a microscope and a CCD camera. The optical lens mod-
ule is integrated with a condensing lens L1, a 10× objective

ig. 7. The physical device of combining PEGDA-based microstructure and TiOPc-
ased OEW. The thickness of PEGDA microstructure is defined by tapes. Two
lectrode pads are used to connect the external AC bias.

Fig. 8. Droplet generation results from the flow-focus channel junction of oil and
water streams. (a)–(e) demonstrate the procedure of droplets generation in which
the water stream breaks into droplets when its viscous shear overcomes its inter-

facial tension. The positions of (a–d) and (e) are located respectively in the droplets
generation and manipulation areas.

lens L2 and a mirror M.  L1 collimates the optical image gener-
ated by the projector. The mirror M is a broadband dielectric
mirror which allows the reflection of light wavelengths from
650 to 1200 nm suitable for optical absorption of TiOPc. L2
transfers the collimated optical images to the focus plane of
the OEW chip. The optical images produced from the projec-
tor with Microsoft PowerPoint on a PC are transmitted though
the optical lens module into the OEW device. The image of

the microscope is captured by the CCD. When a AC voltage is
applied across the OEW device, the electric fields become higher
at the illuminated regions because the photovoltaic effect on
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Fig. 9. The droplet diameters in different flow ratio of QW and QO .

Fig. 10. The shrinkage rate of different PEGDA materials (MW  258, 575 and 700).

Fig. 11. Water droplet in air: (a) the droplet partially intersects with the optical rectan
overlapped and moved with the optical rectangle pattern.
ators B 180 (2013) 35– 42 39

the illuminated TiOPc layer enhances the electrical conductivity
locally. The virtual electrodes induced by optical images gener-
ate OEW effect to change contact angles of droplets resting on
the surface of the dielectric (SU-8) layer.

(2) Electrical part provides electrical control on the frequency and
amplitude of the AC bias. This part includes a function gener-
ator (33220A, Agilent Technologies, Inc., United States) and an
AC voltage amplifier (High Speed Bipolar Amplifier HAS 4012
DC-1 MHz/100VA, NF Corporation, Japan) to support enough AC
power for electrowetting actuation. AC signal from the function
generator is amplified through the AC voltage amplifier to pro-
duce higher voltage with frequency from 10 to 100 kHz for OEW
experiments. The frequency of AC signal is adjusted from low
to high to find the optimal value which creates the strongest
OEW effect with light illumination.

(3) Pumping part pumps oil and water streams into PEGDA-
based microchannels for droplet generation. This part includes
two syringe pumps (SP230IW SYRINGE PUMP, World Precision
Instruments, Inc., United States) to respectively load water and
oil into the inlets of the chip. Different sizes of droplets are
formed by controlling the flow rate ratio of oil and water for
droplets manipulation in the TiOPc OEW area.

4. Results and discussions

4.1. The integration of PEGDA microfluidics and TiOPc OEW

Fig. 7 shows a physical PEGDA-based microfluidic chip with
TiOPc OEW inside. This device exhibits the good optical trans-
parency and the robust packaging between the stacked ITO
glass chips after the PEGDA photopolymerization. Oil (5cst, Dow
Corning) and water are loaded into the inlets of PEGDA-based
microfluidic chip and meet in the droplet generation area to pro-

duce monodispersed droplets (as shown in Fig. 8).

The droplet diameters in the different flow ratio of the continu-
ous phase flow rate (QO, �l/min) and the dispersed phase flow rate
(QW, �l/min) are measured in PEGDA-based microfluidic chip with

gle pattern without AC bias. (b)–(d) After AC bias is applied, the droplet is fully
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Fig. 12. Water droplet in oil: (a) the droplet is trapped by an optical pattern when
0 T.-M. Yu et al. / Sensors an

he height of 40 �m tapes. The result shows the droplet diameter is
educed by increasing the flow ratio QO/QW, as shown in Fig. 9. The
roduction of well calibrated nano-liter droplets in this microchan-
el dimension proved that PEGDA-based microfluidics is suitable

or water droplets in oil system.

.2. Comparison of different MW PEGDA microstructure

In traditional PEGDA microstructure for biological applications,
EGDA material shrinks after being immersed in a liquid environ-
ent. For PEGDA-based microfluidics, the stability of structure in

iquid is a critical issue. We  use three different molecular weight
f PEGDA (MW  258, 575, 700) to fabricate the microchannel
nd investigate the relationship between shrinkage and molecular
eight in these materials. Three molecular weight PEGDA phtocur-

ble solutions are prepared with the same mixing ratio of PEGDA
nd photoinitiator (100:2). The optimized UV photopolymerization
ime among MW 258, 575 and 700 are 9 s, 6 s and 3 s respec-
ively. These three MW PEGDA-based microstructure devices are
mmersed into water for 1 h, their shrinkage results are shown in
ig. 10.  The LMW PEGDA (MW  258) with the lowest shrinkage rate
mong these materials can provide the stable and robust structure
or microfluidic applications.

.3. Water droplets in air with TiOPc OEW

We  demonstrate the phenomenon of TiOPc OEW by controlling
he motion of a water droplet in air. The solution of 0.1 M KCl is
repared as the dispersed phase flow for droplet formation. The
ddition of KCl can reduce the instability of droplets under the
igh applied voltage in electrowetting operation [11]. The Fig. 11(a)
hows that an optical rectangle pattern is placed near a droplet
ithout AC signal applied on the top and the bottom ITO glass

hips. The droplet partially intersects with the optical rectangle
attern without AC bias. Fig. 11(b) shows that contact angle of the
roplet touched on the bottom ITO glass decreases (as evidenced
y the wider, darker ring outside the droplet) when AC signal
bias = 130 Vpp, frequency = 500 Hz) is applied. The droplet starts
o move towards the inside of and become fully overlapped with
he optical rectangle pattern. Fig. 11(c) and (d) shows the droplet
s trapped and manipulated by the optical rectangle pattern. The

easured velocity of the droplet movement is about 26 �m/s.

.4. Water droplets in oil with TiOPc OEW

In the droplet-in-oil system, water droplets were generated
nd transported into the TiOPc OEW area and became ready to be
anipulated by the designed optical pattern. Without illumina-

ion, the voltage drop is distributed evenly across the insulating
il medium, SU-8 and TiOPc layers. When the optical patterns
re projected onto the chip, the induced virtual electrodes gener-
te the non-uniform electrical field in the insulating oil layer and
hange the surface energy of the SU-8 layer. Two kinds of opto-
lectronic forces, OET and OEW, contribute to the motion of water
roplets in the insulating oil layer. Since the water droplets are
uch more conductive than the surrounding electrically insulating

il, the light-induced positive DEP force drives the droplet towards
he strong electric field region, the edge of the optical pattern. OEW
educes the contact angle of the droplet, which touches the virtual
lectrode, and traps the droplet towards the inside of the optical
attern. By adjusting the frequency of the electrical potential, we
ake the larger electrical impedance across the SU-8 layer than the
iOPc layer and the insulating oil medium with the light illumina-
ion [19]. The large voltage drop across the SU-8 layer enhances the
lectrowetting effect on the liquid droplets. The OEW effect domi-
ates the motion of droplets over the OET effect. Our experimental
AC  signal is applied, (b) and (c) the droplet is driven by the movement of the optical
pattern.

results show that the OEW actuation is the dominant force because
water droplets are trapped into the inside of the optical pattern
during the operation.

Fig. 12 shows that a droplet is trapped and actuated by an
optical rectangle pattern in the silicone oil environment. When
AC signal (bias = 188 Vpp, frequency = 500 Hz) is applied, a water
droplet follows the direction of an optical pattern movement
(Fig. 12(a)–(c)). The measured velocity of the droplet movement
is about 39 �m/s. Comparing with water droplets in air, droplets
move more smoothly in oil. The droplet manipulation is success-
ful by TiOPc OEW at frequency range from 100 Hz to 500 Hz (at
AC bias = 188 Vpp). When the frequency exceeds 800 Hz, the force
produced by TiOPc OEW becomes weak and unable to control the
motion of droplets.

Comparing to the droplets manipulation in the conventional (a-
Si based) OEW, the lower driving speed of droplets in TiOPc-based
OEW is discussed from the electrowetting theory and OEW theory
by using equivalent circuit model. Based on the electrowetting the-
ory, the lower dielectric constant and larger thickness (1 �m)  of the
dielectric (SU-8) layer result in the smaller change of contact angle

in our TiOPc OEW than the conventional a-Si OEW. In OEW equiv-
alent circuit model, the frequency of the electrical potential, the
impedance of SU-8 and the conductivity of the photoconductor are



d Actu

i
c
d
t
s
o

5

P
a
m
b
l
s
o
i
t
o
t
f
s
o
p
m
p

A

o
w
m

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

T.-M. Yu et al. / Sensors an

mportant factors to affect the OEW actuation. The light and dark
onductivities of the TiOPc layer are not yet optimized in our OEW
evice. Our TiOPc OEW generates the weaker driving forces than
he conventional a-Si OEW. By improving these factors, the driving
peed of droplets is expected to be enhanced under the TiOPc OEW
peration.

. Conclusion

In this paper, we successfully demonstrated the integration of
EGDA-based microfluidic chip and TiOPc-based OEW by using

 simpler fabrication process of spin-coating and UV photopoly-
erization. Stable and massive droplets are generated in the

iocompatible PEGDA microstructure and dynamically manipu-
ated by TiOPc OEW. Our TiOPc OEW in PEGDA microfluidic chip
uccessfully trapped and moved liquid droplets both in air and
il environments. For improving the TiOPc OEW performance, the
ntensity of light source should be increased to enhance the conduc-
ivity of TiOPc layer and the impedance matching among insulating
il, TiOPc and SU-8 layers can be optimized for making most of
he voltage drop across SU-8 layer when light illumination. In the
uture, other kinds of droplets, such as bubbles and culture medium
olution, can be studied with our system. Customizable design
f PEGDA-based microfluidics and programmable TiOPc OEW are
romising in droplet manipulation steps, such as transporting,
erging, mixing, and splitting, necessary for diverse bio-analytical

rocesses.
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