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The development of large-scale electrowetting-on-dielectric (EWOD) platforms with numerous integrated func-
tions requires a large number of electrodes. While this challenge has traditionally been addressed by pin-count
minimization strategies and circuit-routing schemes, we propose heart-shape electrodes that allow using even
fewer pins when the droplet motion is unidirectional. This electrode geometry ensures that the droplet overlaps
more with the front electrode than with the rear one, resulting in a net capillary force that pulls the droplet
forward. Droplets with a footprint diameter between 0.8 and 1 times the electrode width can be driven reliably
over long distances using only two alternately applied actuation signals. The maximum signal switching fre-
quency that enables the reliable movement of droplets is proportional to the square of the applied voltage and the
gap height, but inversely proportional to the electrode diameter. Each segment of the interconnection circuit
spans only two electrode-lengths, which simplifies the circuit routing and avoids the possible trace overlap in
large-scale electrode arrays. By minimizing the pin number, this asymmetric design provides a promising

strategy for electrode arrangement in multifunctional, large-scale EWOD platforms.

1. Introduction

As a promising strategy for liquid handling in microfluidic systems,
electrowetting-on-dielectric (EWOD) has gained increasing attention in
recent years [1-7]. The integration of multifunctional components in
lab-on-a-chip (LOC) applications has stimulated the development of
large-scale EWOD platforms involving a large number of electrodes
[8-11]. To control the growing number of EWOD electrodes, the elec-
trode arrays must be capable of electrically addressing each electrode
independently, which is commonly achieved with a multilayer
arrangement of electrical connections through a multi-level metalliza-
tion [11-13]. However, (i) a large number of control pins easily exhaust
signal pins or ports on common microcontroller units, (ii) the multilayer
electrical connections to external devices (e.g. off-chip signal generators
and controllers) greatly increase structural complexity and
manufacturing cost, and (iii) the high actuation voltage required for
such devices is also more likely to cause crosstalk, trapped charge, and
breakdown of the dielectric layer [11,13-15]. Therefore, pin-count
proliferation has become a major concern for large-scale EWOD designs.
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To solve this problem, a widely used approach is to assign one con-
trol pin to multiple electrodes without affecting the assay execution. Ina
cross-reference strategy, a set of electrodes in one row/column is con-
nected to a single control pin [12,16,17]. This reduces the pin number (i.
e. the number of actuation signals) of the N-column, M-row
two-dimensional electrode array from N x M to N + M. However, due to
the electrode crosstalk, the cross-reference scheme does not allow
controlled movements of more than two droplets simultaneously. In this
respect, the broadcast -electrode-scheduling method [18] and
network-flow-based pin-count algorithm [19] were proposed by iden-
tifying the mutually compatible actuation sequences. Pin-count-based
design [20], scalable pin-constrained wiring schemes [21], and scal-
able heuristics [22] have been proposed to balance the layer count of
electrical connections, pin count, and cost in broadcast addressing
framework. Furthermore, to cope with the rapid growth of the scale,
active-matrix addressing strategy with thin film transistor arrays pre-
sents another method for reconfigurable paths and high parallelizability
[10]. However, these hardware solutions exponentially increase the
design difficulty and droplet (circuit) routing complexity. Their
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integration and compatibility with EWOD electrode arrays still require
delicate and laborious manufacturing processes.

In addition to these electronic strategies, the pin-count can be further
reduced by considering some practical constraints in EWOD design. For
instance, droplets tend to be driven unidirectionally along separate
paths because back-and-forth motion or path overlap would increase
cross-contamination hazards [19,22,23]. Fan et al. [24,25] used the
asymmetric electrowetting effect under opposed polarities to move
droplets. However, their design necessitates nonlinear insulating mate-
rials that can only be actuated by direct current signals [25-27]. This
restricts the types of dielectric materials, causes localized charge trap-
ping [14], and increases contact angle hysteresis [28,29] that hinders
the droplet motion [30]. Moreover, the droplet diameter, electrode size,
actuation voltage, and signal switching frequency must be delicately
adjusted based on manufacturing parameters and application scenarios
to avoid irregular motion.

In this paper, we propose a multiplexed asymmetric electrode design
for unidirectional droplet motion. Heart-shape electrodes ensure that
the droplet overlaps more with the front electrode than with the rear
one. The directional net capillary force exerted on the droplet can drive
it over long distances using only two alternately applied actuation sig-
nals. The device principle is purely geometrical and does not rely on the
actuation signal frequency. Each segment of the interconnection circuit
spans only two electrode-lengths, which simplifies the circuit routing
and avoids the possible trace overlap in large-scale electrode arrays. By
minimizing the pin number, this design provides a promising strategy
for electrode arrangement in multifunctional, large-scale EWOD
platforms.

2. Experimental
2.1. Electrode design and working principle

The Lippmann-Young equation [2,3] describes the dependence of the
contact angle 6 on the applied voltage V as

cosf — cosfy = LVZ, 1)
2716

where 6, is the contact angle without applied voltages, C is the areal
capacitance between the electrode and the liquid (i.e. the specific
capacitance of dielectric layers separating the electrode from the liquid),
and y,; is the interfacial tension between the liquid and the surrounding
medium like air or oil.

Following Jones et al. [31,32], Kang [33], and Zeng and Korsmeyer
[34], the capillary force per unit length acting perpendicularly to the
three-phase contact line (CL) of the droplet is given by

| =v.5c080. 2

The integration of f over the droplet’s CL yields the capillary force on
the droplet [33]. For a droplet actuated as shown in Fig. 1, we conclude
that the net capillary force along the moving direction is [30,33]

Frwop = / f- T di= Liy, ;(cosd — cosby), 3)
TCL

where dlis a unit element of the CL, 77 is the normal unit vector of di, 7
is the unit vector in the moving direction, and Lg is the difference of
projected lengths of the CLs on the two adjacent active electrodes. This
simple model allows a quantitative analysis of many engineering prob-
lems [3,30,35-40].

Here, we consider an asymmetric electrode as shown in Fig. 1a. The
electrode is designed like a heart with a wedge extending backward and
a notch at the front end. By breaking the symmetry of the actuation
electrode along the desired moving direction, the projected CL on the
active electrode at the front of the droplet is made longer than the one at
the back, resulting in a non-vanishing electro-capillary force driving the
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Fig. 1. Schematic of the EWOD device. (a) Asymmetric electrode design. Heart-
shape electrodes are interconnected alternately to two power tracks of opposed
activity. The diameter of the circular part is Dg and the angle of the wedge is 0.
Ly, refers to the vertical projection of the total CL on the active electrodes. The
asymmetric shape of EWOD electrodes exerts a directional net capillary force on
the droplet, resulting in a movement to the right. Electrodes are outlined with
the active ones filled in yellow, and the droplet is outlined and filled in blue. (b)
Side view of the two-plate EWOD structure.

droplet to the right of Fig. la.

Long-distance droplet transportation is achieved by forming a chain
of asymmetric electrodes and alternately connecting them to two power
tracks of opposed activity. Swapping the tracks activity (alternately
ground and live wire) drives the droplet to move forward, as demon-
strated below.

2.2. Fabrication of the EWOD device

We fabricated a two-plate EWOD device as sketched in Fig. 1b (See
Fig. S1 in Supplementary Information for electrode arrangements in
different experiments). In this proof-of-concept design, the angle of the
wedge 6 is 90° while the diameter of the circular part is denoted by Dg.
The bottom plate electrodes were patterned on indium-tin-oxide (ITO)
coated glass (purchased from Wesley Technology Co., Ltd) by standard
photolithography and wet etching. The spacing between adjacent elec-
trodes is 30 pm. SU-8 2002 (purchased from MicroChem) and Teflon®
AF2400 (purchased from DuPont) were successively spin-coated on the
surface as a dielectric layer (thickness of 1 pm) and a hydrophobic layer
(thickness of 60 nm), respectively. The top plate was a uniform ITO glass
spin-coated with a 60 nm-thick Teflon® AF2400 layer. The parallel
plates were assembled with a homemade clamp and a feeler gauge was
inserted to adjust the gap height.

2.3. Droplet volume

For most EWOD designs, the droplet size only admits a lower bound:
the liquid can be stretched over several electrodes, but can only be
moved reliably when the droplet meniscus overlaps with adjacent
electrodes. However, our platform is more restrictive because electrodes
in the array are interconnected alternately. Indeed, in order to ensure
the directionalnet capillary force, the droplet should not overlap with
the rear electrode, so its diameter cannot exceed Dy. Moreover, the
droplet must overlap with the front electrode, therefore the droplet
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footprint must exceed the inscribed circle of the electrode, which yields
a diameter Dg/2. In our preliminary tests, we found that the droplet can
be smoothly actuated only when the ratio of the droplet diameter to the
electrode diameter Dy is between 0.8 and 1 due to the distortions from
the ideal circular footprint. In this paper, the diameter of the droplet
footprint area was maintained close to the electrode diameter Dg.

3. Results and discussion
3.1. Directional actuation of the droplet

To characterize the droplet actuation capability of the electrode
array, experiments were carried out with deionized water and AC supply
(1 kHz, 90 V). The electrode diameter Dg is 1 mm and the gap height
between parallel plates is 100 pm, corresponding to a droplet volume of
340 nl. Since both electrodes and droplets are transparent, we edited
Fig. 2 and Fig. 3 to improve clarity: the electrodes are outlined with the
active ones filled in yellow, and the droplet is outlined and filled in blue
(unedited videos are available in Supplementary Information).

Fig. 2 is captured from the experimental observation (see Movie. S1
in Supplementary Information for the original video). With two
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Fig. 2. Experimental observation of directional movement of one droplet. Ex-
periments were carried out with AC supply (1kHz, 90 Vn,). The electrode
diameter is 1 mm and the gap height between parallel plates is 100 pm. The
volume of the deionized water droplet is 340 nL. Since both electrodes and
droplets are transparent, the figures were edited to improve clarity: electrodes
are outlined with the active ones filled in yellow, and the droplet is outlined and
filled in blue. See Movie. S1 in Supplementary Information for the original
video. Scale bar: 1 mm.
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electrodes adjacent to the droplet actuated (electrodes filled in yellow),
the directional net capillary force drives the droplet to the active elec-
trode on its right. The moving velocity is higher on both sides of the
droplet but lower in the middle, consistent with the distribution of the
projected CL on the active electrode. After the droplet has reached its
final stable position, its footprint overlaps more with the front electrode
than with the rear one. The liquid is therefore ready to move forward
again.

Based on the working principle described above, synchronous
transportation of multiple droplets can also be realized. The synchro-
nous movement of two droplets is shown in Fig. 3 (captured from Movie.
S2 in Supplementary Information). The movement starts when the front
electrode is excited with the actuation voltage and terminates when the
trailing edge of the droplet reaches the active electrode. After the
droplets moved one electrode-length forward and reached a stable
shape, the active states of the electrodes were swapped (see the color
change of the electrode array in two columns of Fig. 3), which propels
the droplets one electrode-length farther to the right. The alternating
arrangement of active and passive electrodes ensures that there is at
least one electrode between any two droplets, avoiding accidental
coalescence.

Furthermore, by alternately actuating two sets of electrodes, the
droplet requires only two actuation signals to travel across the entire
electrode array. Fig. 4 shows such motion in a stacked micrograph
captured from Movie. S3 in Supplementary Information with a 300 ms
interval. The electrodes can be arranged in a straight line or polylines,
allowing on-demand planning of the droplet (circuit) routing.

3.2. Actuation velocity of the asymmetric electrode

With the smartphone-based EWOD platform proposed previously
[11,41], the droplets can be transported automatically at tunable signal
switching speeds. The voltage-dependent maximum velocity at which
droplets could be successfully transferred past 5 electrodes was recorded
experimentally by changing the signal switching frequency. We also
tested the influence of the electrode size (D = 1 mm, 1.5 mm, or 2 mm)
and gap height (50 pm, 100 pm, or 150 pm, defined by the feeler gauge)
on the droplet velocity. When changing these structural parameters, we
ensured that the diameter of the droplet footprint area remained equal
to the electrode diameter Dy.

Consistent with previous works [30,40,42], the maximum droplet
velocity is approximately proportional to the square of the applied
voltage in our experiments (see Fig. S2 in Supplementary Information
for original data). Thus, we define the actuation capability as the fitted
coefficient of the quadratic term. The actuation capability for different
designs is shown in Fig. 5 (see Fig. S2 in Supplementary Information for
original experimental data). Similar to our experimental measurements,
Song et al. [30], Yafia and Najjaran [43], and Bahadur and Garimella
[44] proposed predictions of the droplet motion velocity depending on
the balance of the EWOD actuation force and the forces opposing droplet
motion. For structures used in this work, the main opposing forces are:
1) the shear force due to the parallel plates, 2) the drag force exerted by
the surrounding medium, and 3) the contact-line friction force. Based on
their estimates, the maximum droplet moving velocity is approximately
proportional to the gap height, but inversely proportional to the elec-
trode diameter (and thus, the droplet diameter), consistent with our
experimental observations.

Additionally, a threshold voltage Vy, of about 50 Vs is required to
initiate droplet movement by overcoming the contact angle hysteresis
(see Fig. S2 in Supplementary Information for original experimental
data). Assuming that the contact angle hysteresis 2a is symmetric
around the Lippmann-Young contact angle [39], Song et al. [30] eval-
uated the force balance on the droplet in a two-plate EWOD device and
proposed the threshold voltage Vy:
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Fig. 3. Experimental observation of the synchronous directional movement of two droplets. See Movie. S2 in Supplementary Information for the original video. Scale

bar: 1 mm.
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Fig. 4. Experimental observation of long-distance directional droplet motions.
The stacked photo demonstrates the droplet movement with a 300 ms interval.
See Movie. S3 in Supplementary Information for the original video. Scale
bar: 1 mm.
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In our experiments, the thicknesses of SU-8 2002 and Teflon®
AF2400 layers are 1 pm and 60 nm, respectively. The equilibrium con-
tact angle with no actuation voltage applied (6y) is 121° and the
experimentally measured contact angle hysteresis 2a is about 8° (see
Fig. S3 in Supplementary Information). The calculation with parameters
used in our experiments gives Vy ~ 32V, slightly lower than the
experimental value (about 50 Vyys). Vj; may be underestimated due to

(i) the different electrode geometry and (ii) the distorted shape of the
moving droplet. For the droplet actuated by heart-shape electrodes, the
movement starts at the droplet meniscus in contact with the front active
electrode, which then pulls the rest of the droplet forward. This process
differs from the theoretical model where the motion is supposed to be
simultaneous [30].

4. Conclusion

Pin-count minimization has emerged as a great challenge for large-
scale digital microfluidic platforms. Taking advantage of the direc-
tional movement needed for most digital microfluidic systems to mini-
mize cross-contamination, we propose an asymmetric electrode design
for the directional movement of droplets with only two alternately
applied actuation signals. With electrodes in the array interconnected
alternately, each segment of the interconnection circuit spans only two
electrode-lengths, greatly simplifying the circuit routing and avoiding
the possible trace overlap. This design provides a simple approach for
large-scale EWOD platforms with minimized pin number, especially for
directional droplet transportation among functional zones for successive
operations.
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Fig. 5. Actuation capability of the asymmetric electrode. The velocity was
calculated by experimentally measuring the time it takes the droplet to move
past 5 electrodes. The maximum droplet velocity was found proportional to the
square of the applied voltage in our experiments and the fitted coefficient of the
quadratic term was defined as the actuation capability. The actuation capability
in this figure was averaged over ten measurements with error bars the standard
deviations. See Fig. S2 in Supplementary Information for original data.
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