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Two-dimensional manipulation of droplets on a single-sided continuous 
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A B S T R A C T   

Digital microfluidic chips are liquid processors that perform biochemical assays by moving, merging and splitting 
droplets using the electrowetting effect. Yet, hardwiring electrowetting chips becomes tedious as soon as they 
include more than a few dozen electrodes. Single-sided continuous opto-electrowetting, where the electrowetting 
effect of a featureless semiconductor film is controlled by light patterns is a promising solution to this hardwiring 
bottleneck, but so far two-dimensional manipulation of droplets is still difficult. Here, we demonstrate the 
manipulation of droplets along arbitrary directions by using Z-shaped light patterns that rotate the electric field 
by an arbitrary angle. We provide a theoretical model for driving droplets in different directions. It is verified by 
Comsol simulations and experiments. Optimization of the width of the notches provides quite large increase of 
the driving voltage in the y-direction. The chip can move dyed water droplets in the y-direction at a maximum 
speed of 4.86 mm/s. Such multidimensional droplet driving opens new possibilities for single-sided continuous 
optoelectrowetting such as merging droplets that are not in line, efficient droplet mixing, and bypassing droplets 
to avoid coalescence.   

1. Introduction 

Lab-on-a-chip technology is revolutionizing analytical biochemistry 
[1,2], cell biology [3,4] and sample trace detection [5,6], due to its 
advantages of high throughput and small size. Digital microfluidics, 
such as electrowetting on dielectric (EWOD), allows programming of 
microfluidic chips [7,8] and shows significant potential in digital PCR 
[9,10], digital ELISA [11,12] and other techniques. 

EWOD technology uses pixelated electrodes to perform series of 
operations such as droplet generation, transportation and mixing. As the 
volume of droplets manipulated by EWOD decreases and the number 
increases, the EWOD chip layout faces scaling-down challenges such as a 
wiring bottleneck, limited number of pins, complex control signals, 
crosstalk, etc [13,14]. Furthermore, the volume, position and number of 
droplets are restricted by the fixed size and location of the electrodes 
[15,16]. In 2003, Chiou et al. invented the opto-electrowetting (OEW) 
technology that addresses this wiring issue [17,18] by using photocon
ductive materials as light-activated electrodes. These sandwiched OEW 
devices [19–21] can realize all elementary droplet operations in two 
dimensions. However, the presence of the top electrode not only com
plicates integration of OEW actuation with other functions such as 

droplet identification and detection, but also requires additional 
lithography steps and results in microrough surface prone to droplet 
pinning. The same group then proposed a simpler single-sided contin
uous optoelectrowetting (SCOEW) device [15,16] that requires no cover 
plate and therefore allows unimpeded access to the droplets on the chip. 

Although SCOEW devices are structurally simple, the droplet driving 
mechanism is relatively complex, and it is relatively easy to drive 
droplets only in the direction of the transverse electric field. Without 
two-dimensional manipulation, SCOEW devices are unable to realize 
some essential functions, such as positioning the droplet in two di
mensions, and coalescing two droplets that are not in line or bypassing 
another droplet in order to avoid coalescence. Even droplet mixing is 
considerably less efficient if the droplet is limited to a one-dimensional 
path [22,23]. Chiou et al. [24] in 2009 proposed a method using paired 
diamond (PD)-shaped light patterns to form a potential gradient 
perpendicular to the direction of the electrodes. However, the magni
tude of the driving force generated can only reach less than 40% of that 
in the x-direction. 

Srinivas Akella et al. [25] in 2013 designed a chip with electrode 
pads in different directions to drive droplets in multiple directions by 
activating the electrode pairs in a certain direction. But such method 
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increases the number of electrodes and thus the complexity of the con
trol signal. 

In this paper, we propose a method to achieve two-dimensional 
manipulation of droplets using Z-shaped light patterns without adding 
electrodes. After introducing the underlying principles for the manipu
lation along arbitrary directions, we use a combination of experiments, 
analytical model and numerical simulations to explore the effect of the 
orientation of the pattern on the droplet motion, and optimize the 
pattern to efficiently move droplets in the y-direction. By unlocking the 
motion in the y-direction, this new light pattern brings the SCOEW 
technology closer to realizing its true potential. 

2. Device structure and multi-directional drive principle 

SCOEW chips are essentially two electrodes of opposite polarities 
separated by a photoconductive surface such as amorphous silicon 
(α-Si). For instance, the structure of the single-side continuous opto
electrowetting device used in this study is shown in Fig. 1(a). It is a 500 
nm thick α-Si patterned onto a 25 × 25 mm2 glass substrate. Two gold 
electrodes (thickness 100 nm with 5 nm chromium as the adhesion 
layer) are deposited by physical vapor deposition and patterned by 
photolithography on each side of the chip. This semiconductor is coated 
by a pair of dielectric and hydrophobic layers composed of 500 nm-thick 
SU8 and 2 µm of Teflon, respectively. 

The most common light pattern used for droplet manipulation is a 
white background with a straight dark line passing between the elec
trodes that divides the photoconductive surface in two regions, one 
connected to each electrode with an electric potential U0 intermediate 
between the positive and negative electrodes. (Fig. 1(a)). The resistivity 
of the semiconductor layer is modulated by the light intensity, and the 
resistance of R3 under the dark pattern is greater than that of R2 in the 
light. In an idealized view, the photoconductivity switches from 0 to 
infinity between dark and bright regions. Therefore, R3 behaves like an 
open circuit, and the electric current must propagate inside the droplet 
(as an electric polarization) instead of inside the photoconductor. Thus, 
the electric charge of C1 and C2 combined must be the same as the charge 
of C3, indicating a higher charge density in C3, and therefore a higher 
voltage on the right side than on the left side., which results in a smaller 

contact angle on the right side as expressed by the Lippman-Young 
theory in Eq. (1). [26]: 

cosθ = cosθ0 +
CU2

2γ
, where U ≤ U0 (1)  

where C is the areal capacitance of the combined dielectric and photo
conductor. If the dark line does not cross the droplet by the middle, the 
electrowetting voltage becomes larger in the smaller half of the droplet. 
This induces a stronger electrowetting effect that acts as restoring force 
to pull back the droplet to the middle of the black line. Therefore, the 
droplet is securely trapped on the black line. 

In our experiments, the chip was installed on an optical platform 
combining a video projector (BENQ-MU006) and 200 mm focal lens 
(Thorlabs-LA1417-A/N-BK7) to project the video projector image onto 
the chip. Light patterns for droplet driving were generated with Python. 
For the accuracy of the drive, we first aligned the coordinate of the 
projection image and the chip, defining the direction between two 
electrodes as x. The droplets were introduced with a pipette. To reduce 
evaporation, droplet tests were carried out in silicone oil (Sinopharm 
Chemical Reagent) with the viscosity of 1.5 cSt. 

Similar to previous works, a dark stripe (named as the driving 
segment) passes through the droplet with a direction perpendicular to the 
intended motion of the drop. However, the dark stripe alone does not 
allow multidimensional driving because it does not separate the elec
trodes from one to another and would trigger a short-circuit instead of 
moving the droplet. To prevent those short-circuits, we introduce a more 
complex light pattern where the driving segment is complemented by 
two notches that ensure the suitable division of the chip (Fig. 1b). The 
current flowing from the positive terminal is blocked by the notch and 
flows through the illuminated part, i.e., from one side of the driving 
segment to the other, thus forming a potential gradient in the direction 
perpendicular to the driving segment, i.e., the potential gradient in the 
y-direction. Through this way we achieved the y-directional movement 
of the droplet (See SI video1). 

Successive video screenshots of the droplet drive are shown in Fig. 1 
(c-f). A yellow droplet was driven along the x-direction from 3.10 s to 
8.59 s, then the pattern was switched to Z-shaped pattern, and the 

Fig. 1. Schematics of (a) SCOEW chip schematic and its equivalent circuit model. (b) SCOEW chip structure with the Z-shaped light pattern for droplet driving in the 
y direction; (c-d). a yellow droplet is moved in the x-direction from 3.10 to 8.59 s; (e-f) the yellow droplet is moved in the y-direction from 11.86 to 14.38 s and is 
merged with a blue droplet. 
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yellow droplet was driven along the y-direction until it coalesced with 
the blue droplet from 11.86s to 14.38 s. More generally, adjusting the 
direction of the driving segment allows driving the droplet along arbi
trary directions (30◦, 45◦ and 60◦ drives are shown in SI video 2,3,4 
respectively). Next, we provide an overview of the key parameters for 
the design of the Z-shaped patterns and derive a simplified model to 
estimate the likelihood of droplet motion. 

3. Results 

3.1. Drive capability in different directions 

When a droplet is exposed to external forces (such as gravity or 
electrocapillarity), its contact line remains pinned unless the force ex
ceeds some unpinning threshold that depends on the contact angle 
hysteresis. Therefore, a primary concern is to evaluate this minimum 
voltage needed to trigger a droplet motion in different directions using 
the Z-shaped light pattern. Fig. 2(a) shows the minimum driving voltage 
for DI water with volumes ranging from 0.5 μL to 10 μL. The driving 
segment width is 0.5–1 times the droplet diameter. Regardless of the 
droplet volume, droplet motion is almost always harder to achieve in the 
y-direction than in the 45◦ direction, which itself is harder than in the x- 
direction. 

In order to move, the droplet contact line must unpin: the contact 
angle at the droplet front must exceed the advancing contact angle, and 
the contact angle at the droplet back must drop below the receding 
contact angle [27,28]. Experimental contact angles θ for different 
actuation directions and actuation voltages are shown in Fig. 2(b). The 
contact angle change Δθ in the y-direction (4◦) is nearly 8 times smaller 
than in the x-direction (30◦). Therefore, in order to achieve a similar 
driving force and overcome hysteresis effects, the bias voltage must be 
increased when driving droplets in the y-direction. For instance, 
doubling the voltage from 100 V to 200 V yields a bigger change in 

contact angle in the 45◦ direction than when using 100 V in the x-di
rection (Fig. 2(b)). This means that larger voltages are needed in the 
oblique direction to trigger droplet motion than along the direction of 
the electric field. 

In order to identify the cause for this reduced driving ability, the 
SCOEW was simulated in three dimensions with a finite-element model 
(more details see SI1): the substrate is modeled as a stack of a two- 
dimensional ohmic plate (the photoconductive layer) and a two- 
dimensional dielectric (the dielectric layer). The droplet is a three- 
dimensional ohmic body that can be polarized by the dielectric layer. 
In the model, the light pattern sets the conductivity of the photocon
ductive layer, and the voltage between this layer and the droplet surface 
gives the contact angle according to Eq.(1). An asymmetric voltage drop 
indicates an asymmetric contact angle and therefore a nonvanishing 
electrowetting force acting on the droplet. 

The simulated contact angle varies along the perimeter of the droplet 
(Fig. 2(c)), with the greatest change relatively close to the direction of 
motion, i.e. π/4 and π/2 for the 45◦ and y-directions, respectively. The 
contact angle change for y direction (7.03◦) is almost 4.3 times weaker 
than in the x-direction (29.12◦), with the 45◦ case taking an interme
diate value (17.13◦), which is consistent with the experimental trend. 

Since the variation of the contact angle is due to the voltage differ
ence U across the dielectric, we compute this voltage for the x, 45◦ and y- 
directions (Fig. 2(d-f),respectively). In all cases, |U| is larger at the front 
of the droplet than at the back, which indicates a forward electrowetting 
driving force until the droplet reaches the middle of the dark line. 
Regarding the loss of driving force, we note that the front-back dielectric 
voltage difference U2

front − U2
back is larger in the x-direction (1175 V2) than 

in the 45◦ angle or y-direction (628 V2 and 231 V2, respectively). For a 
given bias voltage U0. This results in a reduced difference in contact 
angle, which makes it more difficult to unpin the droplet and trigger 
motion along an oblique direction. 

In order to address this reduced driving ability, we next optimize the 

Fig. 2. (a) Experimental minimum driving voltage in x/45◦/y–direction for different droplet volumes. (b). Experimental droplet contact angle in x/45◦/y-direction 
for increasing voltage; (c). Simulation of contact angle variation along the contact line with x/45◦/y-direction driving segments; (d-f) simulated voltage drop across 
the dielectric in the x/45◦/y-direction, respectively. 
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light pattern to achieve droplet motion in the y-direction. 

3.2. Optimization of the drive capability in the y-direction 

According to Fig. 2(d-f), the reduced driving ability is due to a 
decreased voltage drop U across the dielectric. Hence, in order to 
improve the driving ability of the SCOEW in the y-direction, we first 
derive a simplified model to compute U. The aim is to refine the 
inequality U ≤ U0 in Eq. (1). In our simplified model, we designate by V2 
and V3 the electric potential in the photoconductive layer under the 
front and the back of the droplet, respectively. Then the droplet po
tential V satisfies V2 ≤ V ≤ V3. Subtracting V2, we find that the voltage 
U between the droplet and the dielectric layer (used in Eq. 1) satisfies: 
0 ≤ U ≤ Ud3, with Ud3 = V3 − V2. 

We estimate Ud3 using the equivalent circuit model shown in Fig. 3 
(a). When U0 is applied, the resistances Rd1 and Rd2 of the notches are 
larger than the resistances Rl1 and Rl2 in the illuminated part, resulting 
in a greater current to flow through the illuminated parts which is shown 
in orange arrows in Fig. 3(a). Therefore, in the y direction, there is a 
voltage increase of Ud3 over the resistance Rd3, which is given by Eq. (2): 

Ud3 =
U0(Rd1 − Rl2)

Rd1 + Rl1 + 2Rd1Rl1/Rd3
, (2)  

where we assumed Rd1 = Rd2 and Rl1 = Rl2 (See SI2). Such a voltage 
drop reduces the droplet contact angle (See Eq. (1)) and the droplet can 
be moved along with the driving segment. We also note that light pattern 
of previous studies, lacking notches, would feature Rd1 = Rl1 and Rd2 
= Rl2, which would yield a zero-voltage therefore be unsuitable to drive 
the droplet. 

To improve the driving ability of the droplet along the y-direction, i. 
e. to increase Ud3, we identify two independent parameters: the width of 
the notches (w) and the width of the driving segment (L3). Assuming that 
the current flows exclusively in the x-direction, except for the driving 
segment where it flows exclusively in the y-direction, and assuming that 

the electric potential only varies in the direction of the electric current, 
we substitute simple one-dimensional resistance expressions into Eq. (2) 
(See SI3 for the detailed calculation): 

Ud3 =
U0(wρd + wρl − L1ρl)

wρd − wρl + L1ρl + ρl4w(L1 − w)(L1 − 2w)/L1L3
. (3) 

According to Eq. (3), increasing the driving segment width L3 in
creases the maximum voltage drop and therefore the driving segment 
should be as wide as possible (that is, approximately the droplet diam
eter). From Eq. (2), we infer that increasing the width w of the notches 
will increase Rd1 and Rd2, and decrease Rl1 and Rl2, which will increase 
Ud3. This is confirmed numerically in Fig. 3(b) with L3 = 3 mm, the light 
conductivity ρl= 1.789 × 105 and the dark conductivity 
ρd = 3.943 × 106 Ω⊡cm respectively (see SI4) under the bias voltage of 
100 V. To a large extent, theoretical data agrees quantitatively well with 
experiments using 4 μL DI water droplets (Fig. 3(b)). Moreover, the 
minimum contact angle for each w that we obtained using Comsol 
simulation also corresponds to the theoretical model and experimental 
values, although the values in the simulation results are slightly less than 
the theoretical and experimental values. 

Simulations and experimental data show that increasing the notch 
width allows decreasing the contact angle from 105◦ to 72.6◦, which is 
similar to what can be obtained when driving droplets in the x-direction 
(Fig. 2(b)); the inserted figure in Fig. 3(b) shows the voltage reduction in 
the simulation results. At larger w, some droplets unpin and begin to 
move, so experimental results include the advancing (A) and receding 
contact angles (R) for unpinned droplets. We tested the variation of 
contact angle with U 2 for different w, (SI Fig. S4). As w increases, the 
range of the contact angle variation increases which is consistent with 
simulation results. However, the inflected shape of the cosθ − U2curves 
is markedly different from the Lippman-Young modelshown in Fig. 3(c), 
which has a parabolic shape unlike the straight line expected from Eq. 
(1). This may be due to the saturation of the electrowetting effect, but 
also to variations of the capacitance of the combined photoconductive/ 
dielectric layers. The latter is due to carrier depletion in the 

Fig. 3. Optimization of SCOEW chip with Z-shaped pattern (a) equivalent circuit schematic, current direction is marked with orange arrows. (b) experimental, 
simulated and analytical contact angle variation depending on the driving segment width (w) at U0 = 100 V.(c) experimental contact angle depending on the bias 
voltage U2

0(five tests for each point). (d) droplet moving speed depending on the driving segment width w. 
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photoconducting layer, which is common in metal-oxide semiconductor 
capacitor (MOSCAP). By increasing w, the ability of driving in the y- 
direction (characterized here by the change in contact angle) has 
reached the level of the x-direction (green line in Fig. 3(c)). Fig. 3(d) 
shows that the drive speed increases as w increases, with a maximum 
drive speed of 4.86 mm/s for a 8 μL stained DI water (see SI video5). 

4. Conclusion 

Droplet digital microfluidics based on electrowetting have long faced 
a wiring bottleneck. The single-sided continuous optoelectrowetting 
(SCOEW) promises to address this issue by using dynamic light pattern 
to control droplet motion, but has so far been limited to the difficulty of 
manipulating droplets in two-dimensions. Here, we have introduced and 
optimized a Z-shaped light pattern that can drive droplets in arbitrary 
directions. The driving mechanism is well explained by a finite element 
model and an analytical model. Our careful analysis also highlights 
some key differences between EWOD and SCOEW physics, such as an 
apparent failure of the Young-Lippmann law. The multidimensional 
droplet driving demonstrated in this work already enables merging 
droplets that are not in line, and is also an important prerequisite to 
achieve efficient droplet mixing, and bypassing droplets to avoid 
coalescence. 
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