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ABSTRACT

Chemical and biological applications could strongly benefit from large-scale droplet manipulation of electrowetting-on-dielectric (EWOD).
However, the large number of driving electrodes of EWOD chips has been one of the most significant obstacles for these applications. This
paper unveils a compact printed circuit board based EWOD chip with a hexagonal electrode array, which uses only seven signals to control
an unlimited number of driving electrodes (169 in this paper). Simulation and experimental results illustrate the device’s ability to transport
multiple droplets synchronously with a reconfigurable driving route and a velocity of up to 10.0 mm/s, which is beneficial for complex or

high-throughput EWOD applications.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0008071

Electrowetting-on-dielectric (EWOD) devices have been proven
to be useful for many chemical and biological applications.' ” In
these devices, the manipulation of droplets, such as generation,
transportation, mixing, heating, detection, and so on, happens on a
pattern of electrodes externally controlled by a series of pins. Com-
bining these operations demands large-scale two-dimensional (2D)
EWOD chips to carry out complex sample (pre-)treatment. Large-
scale 2D EWOD chips are also a prerequisite for process paral-
lelization and high throughput. For example, an on-chip PCR (poly-
merase chain reaction) process’ * requires multiple droplet cycles
through different temperature regions. Cell culture’ ' calls for a
set of reagents and wastes to be moved in or out of the cell-culture
area. Drug screening' >’ requires parallel sample manipulation to
improve the screening speed. With one pin per electrode, conven-
tional EWOD devices are practically limited by the huge number of
pins needed for high throughput applications.

Kim and co-workers were the first to propose an EWOD device
driven by N(row) + M(column) control pins instead of N x M
ones.'" The chip was made of two plates with long strip elec-
trodes laid at right angles with a gap. Electrowetting driving of
droplets existed only at the intersection of the upper and lower
electrodes. However, such a scheme might lead to serious electrode

interference and had limited ability to drive more than two droplets
on the chip or at the same time. Hadwen et al. developed a pro-
grammable large-scale AM-EWOD (active matrix electrowetting on
dielectric) chip based on the technology of a thin film transistor
(TFT) with a 64 x 64 electrode array."” However, such an integrated
product is highly customized, resulting in prohibitive costs.

An effective solution to this problem is to use multiplexing,
in which a set of electrodes is connected to the same electrical
control line (pin). Multiplexing is particularly suitable for paral-
lel applications with high throughput, such as PCR, where the
same sequence of multiple droplet operation should be executed
simultaneously.

This paper unveils a proof-of-concept of multiplexing on a
large-scale electrode array. A compact hexagonal electrode array was
designed with seven pins controlling 169 electrodes. Theoretically,
the number of electrodes can be extended infinitely with the same
number of pins. Its ability to drive multiple droplets synchronously
is verified by simulation. The device was manufactured based on a
printed circuit board (PCB) substrate. Long-distance transportation
of a single droplet and a reconfigurable route of multiple droplets
have been demonstrated. The velocity of moving droplets was also
measured.
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FIG. 1. Schematic of the coded 2D array formed by a (a) square, (b) triangle, and (c) hexagon.

To design a multiplexed large-scale 2D array, three rules should
be followed in order to drive the droplets correctly:

1. Two adjacent electrodes should be activated by different pins
so that the droplet can be driven from one electrode to another.

2. Fora given electrode, the pins of all the surrounding electrodes
should be different from each other so that the droplet can be
driven in a unique direction. The surrounding should include
all the electrodes sharing a vertex with this electrode.

3. Combining rules 1 and 2, we find that in order to form a large-
scale array with the minimum number of pins, the multiplex-
ing code of the electrodes should form a periodic pattern over
the whole chip.

Generally, three basic shapes of electrodes can possibly be
the elementary unit: equilateral triangle, square, and regular
hexagon,“"” as shown in Fig. 1. Electrodes with the same code can
be connected together.

Considering the neighboring electrodes (sharing the same ver-
tices), the minimum number of pins is nine for a square array
[Fig. 1(a)], 14 for a triangular array [Fig. 1(b)], and seven for a

(a)t=0ms

(b)t=15ms

hexagonal array [Fig. 1(c)]. Therefore, a hexagonal array should be
the best for a 2D EWOD structure with the least number of necessary
control pins. Besides, the hexagonal array will increase the droplet
transportation precision because the droplet has six directions to
move.'’

For a honeycomb array, each hexagon is adjacent with six
neighboring hexagons. Therefore, the minimum number of neces-
sary pins is seven to meet rules 1 and 2. In addition, seven pins
are enough to fulfill the droplet manipulation on the whole array,
according to rule 3.

It should be noted that the required number of electrical pins is
independent of the number of electrodes, which can be theoretically
infinite. For any regular hexagonal electrode, there is no electrode
adjacent to it diagonally (all the neighbors share exactly one edge).
Therefore, the motion of a droplet is completely symmetrical in all
six directions, which makes the driving route very flexible. Since
each neighbor electrode in the honeycomb array is controlled by a
different pin, moving the droplet in any direction is as simple as con-
trolling a 1D EWOD device, without the necessity to control both
row and column pins. The structure and operation mode of such a
2D honeycomb array EWOD device are greatly simplified compared

(c)t=30ms

FIG. 2. Simulation of distributions of voltage and the liquid volume fraction in the process of multiple droplet transportation.
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FIG. 3. 2D PCB-based hexagonal EWOD device: the (a) schematic and (b) image of the prototype.

with the N x M electrode 2D array. In addition, the device can trans-
port multiple droplets at the same time as long as the droplets are on
the electrode with the same code.

In order to verify the design of the hexagonal electrode array,
Comsol Multiphysics® is used to simulate the process of the trans-
portation of droplets numerically.

A “two-phase flow, level set” model enables 3D interface track-
ing and CA (contact angle) specification. The electrowetting effect is
set using wetted-wall boundary conditions. During the simulation,
the active electrodes are polarized with 140 V DC, while those on
the others are grounded to 0 V.

The movement of droplets under the voltage shift is illus-
trated in Figs. 2(a)-2(c). The four black circles represent the original
places of the four droplets, which are best demonstrated in Fig. 2(c).
Vi is the volume fraction of the liquid. Numbers “1” and “2” are
manually drawn to indicate the original and destination electrodes.
Between 0 ms and 15 ms, both pins “1” and “2” are “on” to elongate
the droplets, which stretch toward the electrodes connected to “2.”
When pin “1” is released, the droplets are dragged to the electrodes
marked “2” (15-30 ms). All the four droplets behave synchronously
under the voltage shift.

For reliable EWOD manipulation, the droplet should be
slightly larger than an electrode. However, droplets with a diameter
exceeding 1.44 times the diagonal length of the hexagonal electrode
tend to split upon actuation. This is because the droplet will spread
over an area larger than two electrodes and will eventually be in con-
tact with two “on” electrodes at the same time. Therefore, it might
be stretched in two opposite directions and split into two.

Figure 3 illustrates the design and prototype of the device. As
shown in Fig. 3(a), the EWOD bottom plate is a three-layer PCB
(printed circuit board) with the conductive resin filling the holes to
make the surface flat.

Hydrophobic thin films like ETFE'” or PTFE™ can be used as
the dielectric and hydrophobic layer on the PCB. The top plate is
made of ITO glass with Teflon® AF as the hydrophobic layer. The
gap between the electrodes is 200 ym. The pitch of the electrodes is
2 mm, as shown in Fig. 3(b). The border of each hexagon is designed
like gears to minimize the gap between the electrodes. The vias are
connected to each other by tracks in the middle and bottom layers
to form the structure as shown in Fig. 1(c).

The assembly process is as follows:

Teflon Droplet

PTFE Resin

scitation.org/journal/adv

ITO

Cu

()

1. Clean the PCB surface and dry it.
. Cut the PTFE film, and stick it on the PCB after stretching.
3. Apply a small amount of 5 ¢St silicone oil to cover the PTFE
surface evenly.
4. Position the top plate with a silicon spacer.

(a)

©

(d)
70.6° 105.7°
110 -
(e)
100 <
=z
)
=
< 904
3
=
=]
© 80
70
0 50 100 150 200 250 300
Applied Voltage(V)

FIG. 4. CA test of the PTFE film: (a) 107.1° at 0 V, (b) 72.6° at 200 V, (c) 70.6° at
300V, (d) 105.7° after powering off, and (e) CA vs applied voltage.
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De-ionized (DI) water droplets were used in the experiments.
The CA of the droplet was measured over a range of positive voltage
supply. Here, the electrode on the PCB is grounded, and a probe
connected to a positive high voltage is in contact with the droplet.
The reverse situation might result in different CAs as observed with
a nano-scale droplet” or polar materials,” but the curve remains
approximately symmetrical in most cases. The voltage was increased
incrementally by 50 V from 0 V to 400 V, and the CAs are measured
and recorded by a drop shape analyzer (DSA30, KRUSS, Germany).
The reverted CA was also measured after turning off the electrical
excitation.

AC signals were used for manipulating the droplets in order (i)
to reduce the CA hysteresisz‘; and (ii) increase reliability by avoid-
ing the build-up of charges on the insulators.”’ The driving sig-
nals are provided by a signal generator (FG503, MOTECH, Tai-
wan, China) and boosted by a high-voltage amplifier (ATA-2082,
ATek, China). The frequency of the applied voltage is set to 1
kHz, and the amplitude could vary from 0 to 800 Vp, or 282 Vims.
The electrodes are controlled by self-made cellphone-based software
(app) with a simplified controlling circuit. The droplet manipula-
tion routine can be pre-defined or controlled in real-time. Their
movement is recorded by a CCD camera (TK-C9201EC, JVC,
Japan). In order to increase the contrast between the droplet and
the background, a small amount of ink is added to the deionized

water.
|a| 0s |b| 0.5s c) 1s

(g) 3s (h) 3.5s (i) 4s

scitation.org/journal/adv

During single droplet experiments, a long-distance round-trip
is set to observe (i) the conditions for droplet motion and (ii) the
displacement of a droplet on the device. During multiple droplet
experiments, seven droplets are placed on the electrodes with the
same code. They are manipulated synchronously with a flexible
routine.

The average droplet velocity is measured by recording the
droplet displacement during a hexagonal circulation routine. At
constant volume, the size of the droplet is adjusted by changing the
gap between the top plate and the PCB bottom plate using silicon
spacers. The applied voltage varies from 0 to 282 V. During the
motion of droplets, the destination electrode would be “on” for a
time period £, to pull the droplet from the original one, while the lat-
ter is still “on” for ¢5/2 and turned off afterward. The threshold value
of t;, t, is recorded when the motion of the droplet could not catch
up with the voltage shift. The maximum velocity of the droplet vmax
can be calculated as d/ty,.

The initial CA is about 107.1° after surface silicone oil treat-
ment, as shown in Fig. 4(a). When the voltage increases up to 200 V,
the CA decreases by about 40° until the CA saturates near 70°, as
shown in Figs. 4(b) and 4(c). We did not observe any breakdown
even for voltages as high as 300 V. After powering off, the CA
reverts to 105.7° [Fig. 4(d)], which demonstrates the feasibility of
the EWOD device. Figure 4(e) shows the relationship between the
CA and the applied voltage with error bars.

|e| 2s

(k) 5s

FIG. 5. [(a)—(I)] motion of a single droplet during a long-distance round-trip (the coding map of the electrode is superimposed on the photographs for clarity).

(j) 4.5s () 6s
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(a) t=0s (b) t=3s (c) t=6s

(d) t=9s (e) t=12s

FIG. 6. [(a)—()] synchronized motion of multiple droplets (the coding map of the electrode is superimposed on the photographs for clarity).

Figures 5(a)-5(1) (supplementary material video S1) capture
the long-distance round-trip of a single droplet with the routine of
6-4-2-7-5-3-5-7-2-4-6. The coding map of the electrode is superim-
posed on the photographs for clarity. It can be seen that the droplet
accomplishes a straight trip back and forth several times. ¢; is 500 ms,
and the voltage is 150 Vims with a 300 ym spacer.

Figures 6(a)-6(f) (supplementary material video S2) capture
the synchronized transportation of seven droplets. The routine is
controlled manually as “2-7-5-1-4-6-3-7.” The parameters in this
experiment are the same as that for the single droplet test. Thanks to
its 6-fold symmetry, the droplets can move flexibly in any direction
from any position. With a large enough surface area, such a device
can drive an unlimited number of droplets theoretically.

It should be noted that several inlets and outlets can be inte-
grated to the hexagon array so that the droplets can be moved from
any inlet to any outlet to meet actual biological protocols.

The routine of the velocity test is set to “6-3-7-5-3-4-5-1-4-6-1-
7-6.” Figures 7(a)-7(f) (supplementary material video S3) show the
droplet motion under 212 Vi driving voltage with a ty, of 500 ms
and a spacer of 500 ym. This indicates a maximum velocity vmax of
4 mm/s.

The relationship between velocity and applied voltage with dif-
ferent gap heights between the two plates is shown in Fig. 7(g). The
maximum velocity increases with the gap height and the applied
voltage, which agrees with theoretical studies.” ** When 145 Vs
is applied with a spacing of 500 ym, the droplet speed is lim-
ited to 1.1 mm/s. When the driving voltage reaches 282 Vims, Vmax
increases to 10.0 mm/s, which is a little faster than previous studies 0+
on PCB-EWOD." S

However, when the spacing reaches 800 ym, vmax starts to 140 160 180 200
behave in a parabolic trend rather than in the linear trend observed Vims(V)
for smaller gaps. Remarkably, the displacement speed at low volt-
age becomes lower than for any other gap height. We tentatively
attribute this trend to the droplet size; indeed, at 800 ym gap height,

Velocity(mm/s)

T T T L)
220 240 260 280 300

FIG. 7. Velocity of a droplet: [(a)—(f)] images of droplet circulation and (g) Vmax Vs
applied voltage with different spacings.
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the droplet becomes so small that it hardly reaches the nearby elec-
trodes, thereby delaying the droplet motion (0.4 mm/s at 170 Vims).
At high voltage, the droplet may be more spread-out, thereby allow-
ing the droplet to reach a larger fraction of the next electrode and
accelerating the droplet motion (8.9 mm/s at 282 V).

As a summary, in order to provide a simpler and more flexible
multi-droplet manipulation method, we propose a 2D EWOD array
with a hexagonal electrode structure with only seven pins to control
an unlimited number of electrodes (169 in this device). The chip is
fabricated in a fast and low-cost manner by directly making a hexag-
onal array on a PCB and adding a PTFE hydrophobic film infused
with silicon oil. After optimization (282 Vs driving voltage and 500
pm gap height), this structure allows the droplet speed to reach up
to 10.0 mm/s. We then demonstrate the simultaneous transporta-
tion of multiple droplets over an arbitrary path on a theoretically
unbounded hexagonal electrode array.

This research promises to simplify the droplet transportation in
complex and/or high-throughput biochemical systems.

The process of Figs. 5-7 can be found in the supplementary
material: Video S1, Video S2, and Video S3.
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