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Electrowetting-on-dielectric (EWOD) promises to be an important lab-on-a-chip approach for
effectively manipulating droplets with electric field-controlled surface tension. Droplets manipulated in
electrowetting-based devices are typically sandwiched between two parallel plates and actuated by
digital electrodes. The size of pixilated electrodes limits the minimum droplet size that can be
manipulated. Here, we report on a single-sided continuous optoelectrowetting (SCOEW) mechanism
that enables light-patterned electrowetting modulation for continuous droplet manipulation on an
open, featureless, and photoconductive surface. SCOEW overcomes the size limitation of physical
pixilated electrodes by utilizing dynamic and reconfigurable optical patterns and enables the
continuous transport, splitting, merging, and mixing of droplets with volumes ranging from 50 mL to
250 pL, over 5-orders of magnitude. This single-sided open configuration provides a flexible interface
for integration with other microfluidic components, such as sample reservoirs through simple tubing.
Light-triggered, parallel, and volume-tunable droplet injection with volume variation less than 1%
has been demonstrated with SCOEW. The unique lateral field-driven optoelectrowetting mechanism
also enables extremely low light intensity actuation, and droplet manipulation can be achieved by
directly positioning the SCOEW chip on a LCD screen used in a laptop or portable cellular phone.

1. Introduction
Droplet-based microfluidic systems have attracted broad interest
for lab-on-chip applications. Demonstrated droplet manipulation technologies are versatile and include surface acoustic
wave,1–4 thermocapillary forces,5,6 electrowetting-on-dielectric
(EWOD),7–11 dielectrophoresis (DEP),12–17 and magnetic
forces.18,19 Among these, EWOD provides advantages in fast
response times, easy implementations, and large force at the
millimeter to micrometer scales. EWOD-based applications such
as polymerase chain reaction (PCR),20,21 clinical diagnostics,22,23
DNA enrichment and ligation,10,24,25 proteomics,26,27 electronic
paper,28 and on-chip cooling29,30 have been shown.
Conventional EWOD devices are typically implemented by
sandwiching droplets between two parallel plates and actuation
is achieved by addressing digital electrodes.7,8,11,20,29,31,32 Droplet
manipulation functions such as injection, splitting,
a
Department of Mechanical and Aerospace Engineering, University of
California at Los Angeles (UCLA), 43-147 Eng. IV, 420 Westwood
Plaza, Los Angeles, CA, 90095-1597, USA. E-mail: pychiou@seas.ucla.
edu; Fax: +1-310-206-4830; Tel: +1-310-825-8620
b
Departments of Pathology and Pediatrics, California NanoSystems
Institute, Broad Stem Cell Research Center, and Molecular Biology
Institute, UCLA, 4-762 MRL, 675 Charles Young Drive South, Los
Angeles, CA, 90095-1732, USA. E-mail: MTeitell@mednet.ucla.edu;
Fax: +1-310-267-0382; Tel: +1-310-206-6754
† Electronic supplementary information (ESI) available: Five video clips
showing (1) continuous light-actuated droplet transportation, (2)
light-triggered droplet splitting, (3) droplet merging and mixing, (4)
continuous light-triggered droplet injection from an external reservoir,
and (5) droplet transportation on a LCD display. See DOI:
10.1039/c001324b

This journal is ª The Royal Society of Chemistry 2010

transportation, and merging have been demonstrated on this
sandwiched configuration. On the other hand, single-sided
EWOD devices, in which both actuating and ground electrodes
are integrated on the same substrate, have been demonstrated
and showed advantages in manipulating larger droplet volumes
per sample footprint, better droplet mixing efficiencies, and
flexible integration with other components such as optical
detectors and external sample reservoirs.10,33–36
Recently, Chiou et al. reported an optoelectrowetting (OEW)
mechanism37,38 that enables two-dimensional (2D) optical
manipulation of droplets and showed droplet-based functions
such as injection, transportation, and separation. By using light
beams, OEW solved the complex wiring and interconnecting
issues faced by EWOD devices using physical metal electrodes
when addressing a large number of droplets in parallel on a 2D
surface. To overcome the size limitation of pixilated electrodes in
both EWOD and OEW devices, Chiou et al. also demonstrated
a continuous optoelectrowetting (COEW) mechanism that
enables continuous transportation of picoliter droplets sandwiched between two featureless and closely positioned electrodes
(15 mm separation gap), one transparent ITO electrode and one
photoconductive amorphous silicon electrode.39 However, the
thick amorphous silicon layer used in COEW for matching the
electrical impedance of the dielectric layer is difficult to reproduce
due to large residual stress during the deposition process. The
large voltage leak in the areas not covered by droplets also causes
droplet instability issues and satellite droplets ejected from mother
droplets are often observed during experiments. Chuang et al.
demonstrated an open OEW mechanism40 for droplet actuation
on a single-sided configuration with pixilated electrodes.
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Here, we demonstrate a single-sided continuous optoelectrowetting mechanism (SCOEW) to enable continuous lightpatterned electrowetting on a featureless photoconductive
surface. It provides several advantages over conventional
EWOD and OEW devices, including (1) a single-sided open
chamber configuration allows easy integration with other
microfluidic components such as sample reservoirs; (2) a continuous photoconductive surface enables droplets to be continuously positioned at any location on a 2D surface; (3) the droplet
size limitation determined by the size of physical pixilated
electrodes is completely eliminated; (4) compared to any previously demonstrated OEW devices, the lateral field-driven optoelectrowetting mechanism can be operated with extremely low
light intensity such as a LCD display without any extra optical
components such as lenses.
Our study presents the working principle of SCOEW,
numerical simulation results, and demonstrates experimental
results including continuous droplet transportation, splitting,
merging, mixing, and light-triggered, volume-controlled droplet
injection from external reservoirs.

2. SCOEW device structure and light-actuation
principle
Fig. 1 illustrates the SCOEW device structure and its equivalent
circuit model. The device consists of a glass substrate coated with
a 0.5 mm thick featureless hydrogenated amorphous silicon
(a-Si:H) layer. Two 0.1 mm thick strip aluminium (Al) electrodes
separated by a 5 cm gap are deposited at two ends of this device,
and a dc bias is applied to the two aluminium electrodes to
provide a lateral electric field across the entire SCOEW device.
A 1 mm thick amorphous fluorocarbon polymer, Cytop
(CTL-809M), is spin-coated on the a-Si:H surface to provide
a hydrophobic dielectric layer. Aqueous droplets are positioned
on top of the hydrophobic Cytop surface and immersed in oil.
Dynamic optical image patterns are generated by a commercial
projector and focused on the amorphous silicon layer.
Droplet actuation on SCOEW is achieved by creating
a contact angle difference between the two edges of a droplet

using specifically configured light patterns. According to the
Young–Lippmann equation,9 the contact angle of a droplet is
determined by the local voltage drop across the dielectric layer
between the droplet and the underlying electrodes:
cosq ¼ cosq0 þ

1
cV 2
2g

(1)

where c is the specific capacitance, g is the surface tension
between the droplet and surrounding medium, and V is the
voltage drop across a dielectric layer in the vertical direction at
the three-phase contact line. In SCOEW, q0 and q represent the
droplet contact angle before and after the illumination of
a specific light pattern.
The principle of droplet actuation on a SCOEW surface can be
qualitatively explained by a simplified equivalent circuit model,
as in Fig. 1. The a-Si:H layer is modeled as serially connected
photoresistors. The dielectric layer between a droplet and an
a-Si:H layer is modeled as capacitors forming a shunt circuit. The
water resistance can be neglected under the application of a dc
bias due to its low electrical impedance compared to the capacitors. Without light illumination or under uniform light illumination, the voltage linearly drops across the entire device in the
a-Si:H layer. As a result, the voltage drop from b to e is equally
divided by the two capacitors, Vbc ¼ Vde ¼ 1/2Vbe. This implies
that the contact angles at the two edges of a droplet are equal in
cases with no light illumination or under uniform illumination. If
two light beams with equal intensity illuminate the two photoresistors outside the droplet to decrease their resistances, the
voltage Vbe will increase and cause the contact angle to decrease
at the two edges of the droplet. If all photoresistors, except the
one underneath the droplet, are illuminated, then Vbc s Vde due
to this asymmetrical illumination. This creates a contact angle
difference at the two droplet edges and a net surface tension force
is created to move the droplet toward the non-illuminated site.
Compared to prior optically-actuated electrowetting devices,
there is an important and unique feature in SCOEW actuation.
The dielectric capacitors and the photoresistors form a shuntequivalent circuit. The electrowetting voltage across the two
capacitors is determined by the relative ratio of photoresistances
between photoresistors and not their absolute values. A 2-fold
photoconductivity difference between the illuminated and nonilluminated sites is sufficient to induce a significant electrowetting
voltage difference to actuate a droplet. This unique property
allows optical actuation of droplets on a SCOEW device with
low optical intensity for large area manipulations.

3. Numerical simulation results

Fig. 1 Schematic of the SCOEW working principle and its equivalent
circuit model.
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Analysis using an equivalent circuit model provides a qualitative
explanation of the electrowetting effect in SCOEW. To better
understand the electrowetting voltage drop along the three phase
contact line of a droplet, a 3D finite element model was constructed using COMSOL Multiphysics 3.2 to simulate the electric
field distribution. Since the droplet size used in experiments
ranges from hundreds of picoliters to tens of microliters, the
diameter of a droplet is much larger than the thickness of the
dielectric and the photoconductive layers. Simulations using real
dimensions take long computation times. To simplify, a 10-mm
Cytop, a 5 mm a-Si:H, and a 550 mm thick electrically-insulating
This journal is ª The Royal Society of Chemistry 2010

oil layer are used for simulations. A 100 V dc bias is applied at the
two end planes separated by a 1 mm gap to create a lateral
electric field along the x-direction. The dark conductivity and the
photoconductivity in the a-Si:H layer is assumed to be 108 S/m
and 2  108 S/m, only a 2-fold difference.
Three different cases are compared and shown in Fig. 2.
In case (a), the droplet sitting on a hydrophobic surface has
a contact angle larger than 90 . A dark bar pattern whose width
is as wide as the droplet contact area symmetrically illuminates
the center of the droplet. The voltage distribution profiles on the
top and the bottom surfaces of the dielectric layer were extracted
from the simulation results and plotted. The voltage differences
(Vbc and Vde) between these two surfaces are responsible for the
electrowetting effect. In case (a), Vbc is equal to Vde, which means
the droplet contact angles at the two edges decrease by the same
amount, causing the droplet to spread out symmetrically along
the x direction. In case (b), the width of the dark bar pattern
increases to match the width of the spreading droplet. The illumination of a wider dark bar increases the value of Vbc and Vde,
which causes the droplet to spread out further. In case (c), a dark
bar pattern illuminates only one side of the droplet. This
nonsymmetrical illumination causes a difference in the

electrowetting voltage, Vbc s Vde, at the two edges of a droplet,
which results in a net surface tension force that moves the droplet
toward the dark bar.

4. Experimental results
Continuous, light-pattern controlled contact angle modulation
One interesting feature of SCOEW is that the droplet contact
angle can be continuously modulated by optical patterns
without changing the applied voltage. Fig. 3 demonstrates the
continuous contact angle modulation of a 5 mL water droplet
immersed in oil and positioned on top of the hydrophobic Cytop
layer in SCOEW. Without light illumination or under uniform
light illumination, the shape of the droplet remains spherical
even under the application of a lateral dc voltage (Fig. 3(a),(b)).
When a dark bar pattern is projected in the middle of the
droplet, the contact angle decreases (Fig. 3(c)). With the
increasing width of the projected dark pattern, the contact angle
keeps decreasing and the droplet is stretched along the lateral
electric field direction and reaches a contact angle of 60 , as
shown in Fig. 3(d).

Fig. 2 Simulations of the electric field around a droplet under the illumination of various dark bar patterns are shown in the first two rows. The last row
shows the voltage distribution profiles extracted from the top and the bottom surfaces of the dielectric layer. The voltage drops (Vbc and Vde) between
these two surfaces are responsible for actuating the electrowetting effect at the two edges of a droplet. Three different situations are considered. In case
(a), a droplet with an initial contact angle larger than 90 is illuminated by a dark bar pattern whose width is as wide as the contact area. In case (b), the
droplet in case (a) spreads out to have a contact angle of 90 and is illuminated by a wider dark bar pattern. In case (c), a dark bar pattern only
illuminates the right-hand side of the droplet.
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Fig. 3 Video snapshots showing the continuous contact angle modulation of a 5 mL water droplet by varying the width of the projected dark
bar pattern. (a) No voltage application. (b) A dc bias is laterally applied
between the two Al electrodes but no pattern illuminates. The droplet
remains spherical. When a dark bar pattern is projected in the middle of
the droplet, the droplet contact angle gradually decreases as the width of
the pattern slowly increases. (c) and (d) show the contact angles with the
width of the dark bar at 2 mm and 3.5 mm, respectively.

electrowetting devices. To successfully achieve the droplet splitting process in conventional EWOD devices, Cho et al. has
reported that small gap spacing between the top and bottom
electrodes is required to provide a constraint on the droplet
height, which also limits the droplet volume that can be
manipulated.8 The smaller the droplet, the smaller the allowed
gap size. In both single-sided EWOD and OEW devices with an
open configuration, droplet splitting is more difficult and has not
been experimentally demonstrated.33,35,40–42
Here, we demonstrate light-triggered droplet splitting on an
open SCOEW device. Fig. 5 demonstrates the splitting of 1 mL
and 20 nL droplets by projecting a 6 mm wide and a 4 mm wide
dark bar pattern, respectively (see movie 2, ESI†). The droplet
initially sits on top of the SCOEW surface. Under a sudden
illumination by a dark bar pattern, the droplet is stretched and
split into two. An interesting phenomenon that has been
observed during experiments is that the droplet splits only when
a wide enough dark bar pattern is suddenly applied. The droplet
does not split if a narrow dark bar is projected and then followed
by gradually increasing the width of the dark bar. This result
implies that inertia forces might play a critical role in the droplet
splitting process in SCOEW. More studies on the droplet splitting process are required to determine the forces involved during
this dynamic process.

Continuous light-actuated droplet transportation
Continuous droplet transport can be achieved in SCOEW due to
its featureless photoconductive layer. Droplets can be continuously addressed to any arbitrary location on a 2D surface. This
property also overcomes the size limitation of pixilated electrodes in conventional EWOD and OEW devices and enables
transportation of small droplets. Fig. 4(a) demonstrates the
transportation of a 50 mL water droplet at a speed of 17.5 mm/s
using a 3.5 mm wide moving dark bar pattern (see movie 1,
ESI†). By reducing the dark bar width to 100 mm, we have also
achieved the transportation of a 250 pL green-colored dye
droplet (diameter  80 mm) at a speed of 102 mm/s (Fig. 4(b)).
These examples show that droplets with a wide range of volume,
from tens of microliters to hundreds of picoliters, can be
manipulated by simply programming the projected light pattern.

Droplet merging and mixing
Droplet merging and mixing are two important droplet manipulation functions. Fig. 6 demonstrates droplet merging and
mixing functions using SCOEW (see movie 3, ESI†). Two
droplets, one 2 mL water and one 0.5 mL water with a dissolved
green dye, are brought close to each other. Since aqueous
droplets in oil medium also induce electrical dipoles, the electrostatic dipole–dipole interaction force between two closely

Light-triggered droplet splitting
Compared to droplet transportation, droplet splitting and
injection from reservoirs are more challenging processes for

Fig. 4 Video snapshots showing the continuous transportation of (a)
50 mL water and (b) 250 pL green-colored dye droplets by moving various
dark bar patterns.
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Fig. 5 Video snapshots showing (a) 1 mL green dye droplet splitting by
illuminating a 6 mm wide dark bar pattern, and (b) 20 nL green dye
droplet splitting using a 4 mm wide dark pattern in SCOEW. Each
snapshot has a 0.13 s time delay.
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Fig. 6 Two droplets (2 mL and 0.5 mL) are merged and mixed in
a SCOEW device. Mixing is accomplished by transporting the merged
droplet along a zigzag path on a SCOEW surface.

positioned droplets causes electrocoalescence and merges them
into one.43,44 To mix the content inside the combined droplet, the
droplet is transported along a zigzag path on a SCOEW surface.
During transportation, the shear force from the bottom surface
enhances internal flows inside the droplet and results in droplet
mixing as shown in Fig. 6(e).
Light-triggered droplet dispensing from external reservoirs
The open configuration of SCOEW allows flexible integration
with other microfluidic components such as sample reservoirs.
Fig. 7(a) illustrates how dynamic optical patterns can be programmed to trigger droplet injection from an external sample
reservoir into a SCOEW device. The sample reservoir is located
at a position higher than the SCOEW device to provide
a constant hydrostatic pressure that delivers liquid down into the

oil chamber through a pin connector. The tip of the pin is located
at 2 mm above the SCOEW surface. A dynamic 1D dark bar
conveyor moving from left to right at a constant speed of 1 mm/s
is projected. During the injection process, the size of the droplet
at the tip gradually grows. When the droplet is large enough to
touch the SCOEW surface, the dark bar pattern induces the
electrowetting effect to pinch off the droplet from the tip and
carry it to the right. Fig. 7(b) shows snapshots of this lighttriggered droplet injection process (see movie 4, ESI†). In this
example, 2.5 mL droplets are continuously injected at a speed of 7
droplets/min into a SCOEW device and transported away.
Precise volume control of injected droplets is very important in
many lab-on-chip applications for quantitative analyses. The
volume variation of light-triggered and injected droplets in
SCOEW was analyzed by taking the cross section images of
injected droplets under no external dc voltage, in which all
injected droplets return to their spherical shape for easy
comparisons. Using an image processing toolbox in MATLAB
7.1, color-scale droplet images are converted into digital black
and white images. By counting the number of pixels enclosed by
the boundaries as indicated in Fig. 7(c), the volume variation of
injected droplets can be estimated. For the example shown in
Fig. 7(c), the cross sectional area of 4 injected droplets was
counted and was 1567  15 pixels (0.957% area variation), which
corresponds to a 0.91% volume variation.
Parallel and volume-tunable droplet injection from multiple
reservoirs has also been accomplished by simply connecting
multiple pins into the SCOEW oil chamber. Fig. 8 shows an
example of droplet injection from two different reservoirs using
optical conveyors moving at the same speed but with different
periodicities. In the top conveyor, 1.8 mL droplets are dispensed,
whereas in the bottom conveyor, whose dark bar periodicity is
2-fold shorter, the volume of the injected droplets is 0.9 mL.

Droplet actuation on a LCD display
The low light intensity requirement of the lateral field-driven
optoelectrowetting mechanism enables SCOEW to be operated

Fig. 7 (a) Schematic showing SCOEW integration with an external sample reservoir through a pin connector for light-triggered droplet injection.
(b) Video snapshots demonstrating 2.5 mL droplets are continuously injected into a SCOEW chamber. (c) This injection process is highly reproducible.
The volume variation of injected droplets is less than 1%, proved by the four droplets injected at different time frames.
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less than 1%, and droplet merging and mixing. Droplet manipulation has also been achieved by low-intensity light sources such
as a LCD display. SCOEW promises to deliver a large-scale
droplet manipulation platform for parallel droplet processing on
a low cost substrate using a highly scalable, reconfigurable, and
flexible optical addressing method.
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Fig. 8 Parallel light-triggered droplet injection from two external
reservoirs. Droplets with volumes of 1.8 mL (top conveyer) and 0.9 mL
droplets (bottom) are continuously injected and transported away by two
dark bar conveyers with different periodicities. Each snapshot has
a 12.94 s time delay.

Fig. 9 Optical actuation of a droplet in a SCOEW device directly
positioned on top of the LCD display of a personal computer.
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5. Conclusions
We report a novel single-sided continuous optoelectrowetting
(SCOEW) mechanism that enables continuous optical modulation of the electrowetting effect on a single-sided, featureless, and
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lateral field-driven optical electrowetting modulation.
With optical patterns from a commercially-available optical
projector, we have demonstrated various droplet manipulation
functions, including droplet transporting with volumes ranging
from 50 mL to 250 pL, droplet splitting, volume-tunable parallel
droplet injection from multiple reservoirs with volume variations
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