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Generating, splitting, transporting, and merging droplets are fundamental and critical unit operations for
digital (droplet-based) microfluidics. State-of-the-art digital microfluidics performs such operations com-
monly using electrowetting-on-dielectric (EWOD) in the typical configuration of two parallel channel
plates. This paper presents such operations using dielectrowetting (derived from liquid dielectrophoresis),
not EWOD, with an array of interdigitated electrodes. The major and unique feature is that the present
droplet manipulations are effective for conductive (water with/without surfactant) and non-conductive
(propylene carbonate) fluids. An equally important aspect is that the manipulations are performed in an
open space without the covering top plate. This behavior is attributed to the intrinsic nature of
dielectrowetting to generate stronger wetting forces than EWOD (with the ability to achieve complete wet-
ting with contact angle = 0° to form a thin film). Using dielectrowetting, micro-droplets of various volumes
are created from a large droplet and transported. Splitting a single droplet as well as multiple droplets and
merging them are also achieved, even when the droplets are smaller than the electrode pads. The above
splitting, transport, and merging operations are effective for propylene carbonate as well as DI water with/
without surfactant, though the creating operation is proven only for propylene carbonate at this moment.
All the above manipulations are successfully carried out on a single plate, which not only simplifies the
structure and operation procedure, but could also eliminate the restriction to the volume of fluid handled.
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Introduction

Microfluidic control is essential and critical for lab-on-a-chip
(LOC) or micro total analysis system (uTAS) applications.
There have been two main streams dealing with controlling
microfluids: one is channel-based continuous microfluidics
and the other is droplet-based digital microfluidics. Although
channel-based microfluidics has been massively and widely
exploited"” and promoted for a great number of applica-
tions,>” there still exist several disadvantages in such systems:
the functionality is not generally reconfigurable after design
and fabrication, limiting more flexible applications; the small
dimensions of microchannels often generate many fluid me-
chanics issues such as high pressure drop and clogging; me-
chanical components, such as pumps, tubes® (including con-
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nectors) and valves,®® are required for most cases
tremendously increasing the complexity of the systems. In
contrast, digital microfluidics which is operated by droplets,
complementarily solves many of the above issues encountered
in the channel-based continuous counterpart.

Among many methods, electrowetting-on-dielectric
(EWOD) is one of the most popular and commonly used prin-
ciples in digital microfluidics.”'® The general configuration
of EWOD digital microfluidics is that aqueous liquid droplets
are sandwiched between two plates with arrayed electrodes
on one of the plates and a grounding electrode on the
other.'* The arrayed electrodes are covered by a dielectric
and hydrophobic layer while the grounding electrode is cov-
ered by a thin hydrophobic layer. These layers prevent direct
contact between the droplet and electrodes and maintain
high initial contact angles. Upon applying an electric poten-
tial between the droplet liquid and electrode, free charges
screen the solid-liquid interface, generating an electro-
hydrodynamic force at the three-phase contact line in the
droplet, which changes the contact angle and thus actuates
the droplet. Using this driving scheme, aqueous droplets can
be driven following programmed paths. In particular, creat-
ing, cutting, transport, and merging of droplets constitute
essential droplet wunit operations, which equivalently
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correspond to dispensing, controlling the volume, pumping,
and mixing operations in the channel-based continuous
counterpart. Cho et al.'® extensively studied and developed
these four operations in EWOD where droplets were confined
between two parallel plates with a gap. Later, similar droplet
actuations and operations were achieved in the two-plate con-
figuration but using liquid dielectrophoresis (L-DEP)."*'®

The L-DEP effect has been widely applied to
microfluidics,'* 2 optics,>> ¢ diagnostics,>”
microfabrication,?®* ' etc. Non-uniform electric fields induce

dipoles in liquid that result in a L-DEP force (body force) to-
wards higher field intensity.* In this case, the non-uniform
electric fields were generated by solid shaped electrodes on
the plates. In addition, more efforts have been made to inves-
tigate the characteristics of L-DEP**7*® and its distinction
from electrowetting.’” In particular, McHale et al.***° intro-
duced a new design of interdigitated electrodes on a single
plate that generated fringe electric fields. Since the size and
spacing of the electrodes are much smaller than those in the
two-plate electrode designs, extremely strong electric fields
are generated, eventually leading to the superspreading of
droplets (zero-degree contact angle). That is, the effect of lig-
uid dielectrophoresis is highly localized to the solid-liquid
interface.*® They coined this phenomenon “dielectrowetting”
in analogy to electrowetting. Brown et al.**™** investigated the
underlying physics and applications. However, their droplet
actuation was limited to spreading of a single sessile droplet.
To date, the development of the four fundamental droplet op-
erations using dielectrowetting has not been made, to the
best of the authors' knowledge.

The present paper deals with developing and establishing
the four droplet operations (creating, transporting, splitting,
and merging of droplets) using dielectrowetting as detailed in
the following sections. Compared to electrowetting, the pres-
ent actuation method provides additional advantages: 1) it
can easily actuate conductive as well as non-conductive lig-
uids and 2) all required interdigitated electrodes can be
installed on a single plate, which means that this system
does not necessarily require the top plate (cover), allowing
for the handling of a much wider range of liquid volumes
with easily accessible and simplified structures.

Theoretical background

The present work applies dielectrowetting for droplet manip-
ulations. Dielectrowetting generates L-DEP forces strong
enough to overcome the resistance against droplet move-
ments. Suppose a sessile droplet is placed on the interdigi-
tated finger electrodes (Fig. 1), the working mechanism can
be explained by the Korteweg-Helmholtz equation for body
force density:**

- — 1 1 oe
“=pE-—ENe+V| —Ep= 1
IT=pk-SEVeE (2 papj @)

where p¢ and p are the free charge density and mass density

This journal is © The Royal Society of Chemistry 2017

View Article Online

Paper

@ = =

Fig. 1 Schematic of the experimental device: the large interdigitated
electrode pad is for a reservoir on which a large droplet sits and from
which small droplets are generated. During the experiment, the large
droplet stays in the reservoir, while the small daughter droplets are
actuated by the six small interdigitated electrode pads. Each electrode
pad is activated when an AC voltage is applied between the
corresponding signal and ground terminals. To facilitate the
continuous motion between two neighbouring pads, interlocking
patterns intervene between them (the number of fingers in each
electrode is reduced for clarity, and the drawing is not to scale).

for fluids, respectively, E is the electric field intensity, and ¢
is the permittivity of fluids. The first term on the right-hand
side denotes the force generated by free charges, which is not
considerable for dielectric liquid (pf = 0), the second term
represents the L-DEP force, and the last term for electro-
striction can be neglected due to incompressibility of liquids.
At the interface of liquid and air, the L-DEP force®** is de-
duced to:

1
Bopee = EEZ (g_go) (2)

where ¢, is the permittivity of air. The stronger electric field
and larger permittivity of liquids lead to the larger L-DEP
force. Since the fringing electric field in the liquid decays ex-
ponentially as the distance increases from the solid-liquid
interface, the L-DEP force is largest at the three-phase contact
line and decreases rapidly along the liquid-air interface. As a
result, the force is confined in the vicinity of the contact line,
which is similar to that in EWOD to some extent.*®** Mean-
while, the L-DEP force is in the same direction as the inter-
digitated finger electrodes, giving rise to the anisotropy of
contact angle change. That is, the droplet is elongated along
the interdigitated electrodes, while the locations and contact
angles of the two lateral sides change slightly when the ap-
plied voltage remains low. When the voltage is high enough,
the strongly generated L-DEP force causes complete wetting
of the droplet, which is very difficult for EWOD.

Experimental
Device design and fabrication

The testing device is designed and fabricated as shown in
Fig. 1. On a glass substrate, one large electrode set (5 x 5
mm) and six small sets (2 x 2 mm) are arranged in line. The
large set serves as a reservoir for the droplet generation,
while the smaller digital electrode sets are used for droplet
manipulations. Each electrode set consists of two interdigi-
tated finger electrodes, one for signal and the other for
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ground. Both the finger width and spacing are 50 pm. A non-
uniform electric field is generated between the fingers and
pulls the three-phase contact lines along the electrode fin-
gers. Initially, a large droplet is placed on the reservoir, from
which small droplets are created. During experiments, the
reservoir droplet stays on the reservoir electrode set while the
small droplets are generated, split, transported, and merged
by the digital small electrode sets. In order to make droplets
transiting smoothly between adjacent electrode sets, inter-
locking electrode fingers (150 um long and 50 pm wide with
identical spacing) are adopted.

The soda lime glass wafer for the substrate was purchased
from University Wafer Inc., USA. The electrodes were pat-
terned by standard photolithography. 5 nm Cr and 200 nm
Ag layers were deposited by E-beam evaporation, followed by
the lift-off process. To avoid any electrochemical reaction be-
tween the fluids and the electrodes, a 2 um thick Parylene C
layer was deposited using a chemical vapor deposition (CVD)
system (PDS 2010, Specialty Coating Systems). To increase
the initial contact angles of the droplets, the surface was
treated with Teflon-AF (DuPont, USA) by dip coating and dry-
ing on a hotplate (55 °C, 10 min). Before this dip coating, the
Teflon-AF solution was diluted with Perfluoro-compound FC-
40 (Sigma-Aldrich, USA) solvent to reach a 1% volume
concentration.

Experimental setup

In this experiment, alternating current (AC) voltages were
supplied to drive the droplets, which allow for deeper pene-
tration of electric fields into the liquids than DC voltage. A
function generator (332204, Agilent) generated a sinusoidal
signal, which was amplified by an amplifier (PZD 700, Trek)
and transmitted to the circuit. An oscilloscope (199C, Fluke)
measured the output, up to several hundred volts, during the
experiment. Note that the voltages in this paper denote root-
mean-square values. The real-time videos were recorded
using a charge-coupled device (CCD) camera (CV $3200, JAI)
paired with a microscope. The contact angles were measured
by the Contact Angle plug-in in Image]J software.

The testing fluid was propylene carbonate (Sigma-Aldrich,
USA), a common, nontoxic solvent with low volatility (boiling
point: 242 °C) and viscosity (0.0025 kg m™" s™"). The surface
tension of propylene carbonate is 42 mN m™. As shown in
eqn (2), the large relative permittivity of propylene carbonate
(e = 65¢) increases the L-DEP force. To broaden the application
scope of the current dielectric operations, DI (deionized) wa-
ter with and without surfactant (TWEEN®20, Sigma-Aldrich)
was also tested. The surfactant was added to DI water to ob-
tain a 1% (vol/vol) solution and mixed thoroughly to reduce
the surface tension of the DI water.

Results and discussion
Droplet spreading

In the experiment, the L-DEP force is desired to be as large
as possible. The force is sensitive to the frequency of voltage
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applied to propylene carbonate as shown in Fig. 2. The con-
tact angle change (Af) is a good indicator of the L-DEP force.
The contact angle at 0 V is 87.6°. At a fixed voltage (175 V), as
the frequency increases from 1 kHz to 10 kHz, A0 increases
from 16.2° to 31.0°. In the range of 20 kHz to 100 kHz, A de-
creases to 14.0° gradually. The optimal frequency occurs at
20 kHz as it induces the greatest contact angle change (Af =
32.7°), meaning that the largest L-DEP force is exerted on the
droplet to cause spreading. Based on these results, 20 kHz
was selected as the frequency for subsequent experiments of
droplet manipulations using propylene carbonate.

To see how the magnitude of voltage influences the L-DEP
force, and accordingly changes the contact angle, a set of ex-
periments were carried out by changing the voltage. Fig. 3
shows that with increasing voltage, the contact angle de-
creases from 87.6° (0 V) to 0° (236 V). The relationship be-
tween the contact angle change and the voltage can be pre-
dicted by the model:*’

cos@ (V) = cosd, +(1—cos€0)[VLJ (3)

Th

where 6, is the contact angle at V=0 V and Vryy, is the thresh-
old voltage where the contact angle becomes 0°, i.e., com-
plete wetting. The insets of Fig. 3 show that the profile of the
droplet deforms from a half circle, to a circular segment, and
to a nearly flat shape at 0 V, 180 V and 236 V, respectively. As
the voltage is further elevated, the flat film of the droplet be-
comes thinner due to the spreading of the droplet across the
interdigitated fingers to increase the contact area. This phe-
nomenon is also portrayed in Fig. 4 (movie clip, Movie S17 is
available). A droplet (~1.5 uL) is placed at the center of the
reservoir, after which the voltages of 180 V, 220 V, 240 V, 280
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Fig. 2 The effect of frequency on contact angle change of propylene
carbonate. The contact angle at 0 V is 87.6°. The maximum change
(32.7°) occurs at 20 kHz. The magnitude of voltage is set at 175 V.

This journal is © The Royal Society of Chemistry 2017


http://dx.doi.org/10.1039/c7lc00006e

Published on 13 February 2017. Downloaded by University of Pittsburgh on 29/09/2017 14:49:59.

Lab on a Chip

90,

8 8 3 &

Contact Angle, ¢ (deg)
8 &

)
o o

0 ) ) ) )
0 50 100 150 200 250

Voltage (V)
Fig. 3 The effect of voltage on contact angle of propylene carbonate.
The solid line from eqn (1) fits the data points well. The inserts show
the side views of the droplet at (A) O V, (B) 180 V and (C) 236 V.
Complete wetting is achieved at 236 V, where the top surface is flat,
rather than curved. The frequency of voltages is 20 kHz.

V, 320 V and 360 V are applied. In Fig. 4(b) and (c),
dielectrowetting elongates the droplet along the finger
electrodes, while no change occurs in the perpendicular di-
rection. Liquid is laterally bounded by the electrode edges
and longitudinally pulled along the electrodes, as reported.*®
The contact angle decreases in the longitudinal view, while it
remains nearly constant in the transverse view. When the
voltage increases to 240 V, as shown in Fig. 4(d), complete
wetting occurs. The droplet spreads longitudinally to the left
and right boundaries of the electrode pad and transversely
crosses the fingers. The top surface of the droplet is flat and
the contact angle is 0° when the voltage exceeds 236 V.
Fig. 4(e)~(g) show that the spreading is further enhanced as
the voltage is increased. The stronger DEP force broadens the
contact area and makes the droplet thinner. Finally, in
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Fig. 4(h), the droplet returns to the hemispherical shape after
turning off the power, indicating the reversibility of
dielectrowetting. Compared to EWOD using conductive lig-
uids, dielectrowetting with dielectric liquids can stand up to
much higher voltages of high frequency. The dielectric drop-
let has a wider range of contact angle changes, even reaching
complete wetting, which is almost impossible for EWOD be-
cause of contact angle saturation. The strong DEP force
causes the dielectric droplet to deform dramatically.

To further investigate the spreading behavior of dielectric
fluids, experiments combining the reservoir and digital
electrode pads were conducted. Fig. 5(A) depicts the practica-
bility of the device for droplet spreading. A large droplet (~65
puL) nearly covers the whole reservoir initially. All the
electrode pads are connected to the same voltage source. The
frequency is maintained at 20 kHz while the voltage is in-
creased to spread the droplet to the small electrode pads.
Fig. 5(A2)-(A6) show that the droplet can reach digital
electrode pads no. 1, 2, 3, 4, and 6. The fluid exactly fills the
footprints of the digital pads when spreading, except for no.
1. Fig. 5(B) summarizes the no. of electrode pads up to which
the liquid front can arrive as a function of the voltage. At
least 160 V is required for the droplet to spread to pad no. 1.
When the voltage exceeds 353 V, the droplet can cover the en-
tire area of the electrodes. Increasing the voltage elevates the
L-DEP force to drive the liquid front to a farther distance.
Interestingly, reaching and staying on pad 5 was not observed
for the liquid front in this experiment. In fact, the voltage tol-
erance for each electrode pad is not constant. The inter-
locking patterns between two pads help to reduce the energy
barriers at the boundaries and then facilitate the transition.
When the voltage is high enough, the droplet can easily cross
the boundaries of the digital electrode pads.

Droplet generation

Droplet generation is a fundamental operation for digital
microfluidic manipulations. Given an excessive volume of

Fig. 4 Top views of a droplet (~1.5 ulL) spreading by dielectrowetting at different voltages: (a)-(d) 0 V, 180 V, 220 V, and 240 V, (e)-(h) 280 V, 320
V, 360 V and back to 0 V. Starting at 240 V, complete wetting is achieved. Yellow arrows indicate the sequences of voltages. The frequency of
voltages is 20 kHz. The scale bar is 2 mm. A movie clip (Movie S1}) is available.

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 (A) A large droplet (~65 plL) spreading from the reservoir to digital electrode pads at different voltages (20 kHz): (1) 100 V, stays on the
reservoir; (2) 260 V, no. 1 electrode pad; (3) 280 V, no. 2 electrode pad; (4) 325 V, no. 3 electrode pad; (5) 340 V, no. 4 electrode pad; (6) 355V, no.
6 electrode pad. Both the reservoir and the six digital electrode pads are energized simultaneously. The digital electrode pads are marked with
numbers. (B) No. of electrode pad the fluid can reach versus voltage applied. The scale bar is 2 mm.

testing fluid sample, it is indispensable to first extract a
small metered amount from it for downstream analysis. The
present device meets this demand by utilizing
dielectrowetting, as shown in Fig. 6. Based on the droplet
spreading described above, droplet generation is accom-
plished at the voltage of 360 V (20 kHz). Fig. 6(A) shows the
process in 4 steps (movie clip, Movie S27 is available): firstly,
a droplet (~22 pL) as the source, or mother droplet, is dis-
pensed onto the reservoir electrode pad with all pads off; sec-
ondly, the large pad and digital pads 1 and 2 are turned on
to spread the droplet over the entire activated area; thirdly,
digital pad 1 is turned off to neck and cut the droplet; finally,
all the pads are turned off to attain a small droplet (~0.9 uL)
on digital pad 2. When powering off pad 1, the liquid on it
contracts to a neck due to surface tension, and eventually
narrows to separate the small daughter droplet from the
source droplet. Cutting is achieved almost immediately after
digital pad 1 is turned off. In Fig. 6(B), using similar princi-
ples, different droplet volumes (~1.6 uL, 2.6 pL and 3.2 pL)
are generated by changing the number of activated pads from
2 to 3 and 4. Energizing more pads increases the volume of
the created droplet. Meanwhile, after activating 5 pads, two
individual droplets are formed because of the hydrodynamic
instability of the long liquid thread. For the same reason, tiny
satellite droplets are left on digital pad 1 after each trial, as
observed in other cutting experiments.'® All the generated
droplets deform rapidly from a thin film to a spherical cap af-
ter powering off the electrodes to reach the minimum energy
equilibrium. In addition, the created droplets are located in
the middle of the activated area.

Droplet splitting, transport, and merging

More droplet manipulations are achieved on the present digi-
tal microfluidics, including splitting, transport, and merging.
These operations are carried out under the same conditions:
360 V, 20 kHz. In Fig. 7(a)-(d), a single droplet (~2.3 pL) is

1064 | Lab Chip, 2017, 17, 1060-1068

Fig. 6 Droplet generation by dielectrowetting. (A) Four steps of
droplet generation: (Al) place a droplet (~22 ul) of propylene
carbonate on the reservoir pad; (A2) turn on the three electrode pads
(360 V, 20 kHz) to spread the fluid on them; (A3) turn off the middle
one to neck and cut the droplet; (A4) turn off all the pads to attain the
small droplet (~0.9 pl) on the right. (B) Generating droplets by
activating different numbers of electrode pads (after powering off the
first one) under the same conditions: (B1) 1.6 ulL, 2 pads; (B2) 2.6 uL, 3
pads; (B3) 3.2 uL, 4 pads; (B4) two 1.5 uL droplets, 5 pads. Yellow
dashed lines are used to highlight the boundaries of fluid. Scale bars
are 2 mm.
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Fig. 7 Droplet splitting and transport (360 V, 20 kHz). (a)-(d) ~2.3 pL
droplet split by powering on three pads and then turning off the
middle one. (e)-(g) Droplet transported by powering on two pads and
then turning off one. The blue arrow shows the time sequence. Scale
bar is 2 mm. A movie clip (Movie S3+) is available.

split into two equal smaller droplets by dielectrowetting
(movie clip, Movie S3t is available). The mother droplet is
stretched into a film when activating the three electrode pads
in the middle of the pad array. By powering off the middle
pad, two daughter droplets are separated from each other.
The remaining electrode pads are turned off to complete the
splitting process.

The present splitting procedure is different from that in
EWOD. Most importantly, the present splitting does not need
the top plate that is in contact with the mother droplet.
Namely, splitting can be performed in an open environment
while splitting by EWOD works only with pancake-shaped
droplets (the mother droplet should be sandwiched between
two plates within a critical gap as studied in detail)."” In ad-
dition, for EWOD, the mother droplet should be initially
centred on the electrode where no electric potential is ap-
plied. Then, it is pulled by the two adjacent electrode pads by
changing the contact angles, resulting in neck formation and
separation. In this case, the initial position of the mother
droplet is critically important to keep the force balance dur-
ing splitting and to evenly split it. Otherwise, the mother

This journal is © The Royal Society of Chemistry 2017
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droplet would split into daughter droplets with uneven vol-
umes or simply move to the adjacent electrode pad without
splitting. In EWOD, another precondition for successful split-
ting is that the droplet footprint should be overlapped with
some portion of the adjacent electrodes to stretch the mother
droplet. Such requirements make the operation delicate and
laborious in addition to the complicated fabrication and
packaging. More importantly, the two-plate configuration
limits the volume of the working fluid due to the small gap
between the plates. For the present dielectrowetting device,
these issues do not exist when complete wetting is applied to
a single mother droplet. The mother droplet footprint does
not need to be in contact with the adjacent electrodes. The
intermediately formed thin film is spontaneously split by sur-
face tension in an open space after turning off the middle
electrode pad.

Similarly, the split droplets can be transported to other
positions, as shown in Fig. 7(d)-(g). First, two electrodes are
turned on so that the droplet spreads over both (one is the
electrode on which the droplet currently sits and the other is
the electrode adjacent to where the drop currently sits but
where it will move towards). Next, the electrode on which the
droplet initially sits is powered off while the adjacent
electrode remains activated. The entire volume of the droplet
moves to the adjacent electrode. All the electrodes are
powered off to complete the droplet transportation.

In EWOD, it is very difficult to split one droplet into more
than two new droplets due to the limitation explained above.
However, the present dielectrowetting method overcomes this
difficulty, as depicted in Fig. 8(a)-(d) (movie clip, Movie S4+
is available). One droplet (~3.4 uL) covers the entire area of
five electrode pads when activating them at the same time.
Multiple splitting is realized by turning off the alternating
electrode pads, followed by turning off the remaining pads.
The three discrete droplets after splitting can be reunited by
powering on five pads and then turning them off, as shown
in Fig. 8(e) and (f). This demonstrates the ability to merge
several droplets into a single droplet by one-shot activation.

Manipulations for aqueous liquids

In theory, the liquid used for EWOD should be conductive
(aqueous) and performs like a dielectric fluid if the applied
frequency is high enough.*®* This indicates that aqueous
liquids can be actuated by the present electrode design. Co-
planar electrodes were previously used to actuate aqueous
droplets but did not complete the droplet operations (espe-
cially droplet splitting in an open environment).’®*” In this
study, in addition to propylene carbonate, the aqueous lig-
uids, ie., DI water with and without surfactant, were also
tested for droplet splitting and transport using the present
dielectrowetting system. All experiments in this section are
performed at high frequency (55 kHz). Fig. 9 shows the de-
pendence of the contact angle on the voltage applied for the
two liquids. The contact angle of DI water drops from 120° (0
V) to 61° (340 V) and then reaches contact angle saturation;
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Fig. 8 Multiple splitting and merging (360 V, 20 kHz). (a)-(d) A ~3.4 uL
droplet is multi-split by powering on five pads and then turning off the
alternating pads. (e) and (f) Three droplets are merged by powering on
5 pads and then turning them off. The blue arrow shows the time se-
quence. Scale bar is 2 mm. A movie clip (Movie S47) is available.
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Fig. 9 Contact angle versus voltage under the effect of
dielectrowetting for DI water with and without surfactant at 55 kHz.
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the change is 59°, while the typical change for EWOD is only
40°. Upon addition of 1% surfactant, the contact angle
changes from 80° (0 V) to 36° (340 V) with 44° span. The re-
sults illustrate that the interdigitated electrode structure is
more effective in changing the contact angles of aqueous lig-
uids than solid electrodes in EWOD. Similar to the dielectric
liquid case, the contact angles were measured from the longi-
tudinal view of the droplets.

To test whether the L-DEP forces for aqueous liquids are
applicable for droplet manipulations in an open space, addi-
tional experiments were carried out. Fig. 10 shows the suc-
cessful transport and splitting of DI water droplets. Adding
1% surfactant produces nearly the same results (images not
shown). Since complete wetting is not achieved for aqueous
liquids, the mechanisms of moving and cutting are far from
the dielectric fluid cases but more similar to those in EWOD.
In Fig. 10(A) (Movie S5 in the ESI}), the droplet (~10.8 uL)
needs to come into contact with part of the adjacent
electrode pad. By applying 340 V to the adjacent pad only,
the droplet is transported to the right. Fig. 10(B) (Movie S6 in
the ESIY) shows the process of water droplet cutting. The
droplet (~7.2 pL) is in contact with two adjacent pads which
are then activated by providing voltage (340 V) to them simul-
taneously. Necking appears in the middle and eventually
breaks to produce two small droplets. It is found that increas-
ing the longitudinal length of the electrodes (1.8 x 2.7 mm,
with 2 mm spacing in the middle section) facilitates the split-
ting process by further stretching the droplet. Again note that
there is no top plate; the droplet is on a single bottom plate
in an open environment. Finally, volume effects on splitting
results were investigated, as depicted in Fig. 10(C). At 340 V
(55 kHz), the three fluids (propylene carbonate, DI water with
and without surfactant) show that threshold volumes exist
for splitting. If the volumes exceed the critical values, the
droplets are merely elongated and do not split. The threshold
volumes are about 4.5 pL, 5.8 pL, and 8.2 uL for DI water
with surfactant, propylene carbonate, and DI water without
surfactant, respectively. The threshold volumes seem to de-
pend on the initial contact angles, contact angle changes of
the fluids, and surface tension but a more in-depth study is
required to understand this phenomenon better.

In the current study, all droplet operations are performed
in air surroundings. It would be a next step to study that the
present droplet operations are applied to droplets immersed
in a second liquid (oil), as droplet spreading in the second
liquid has been studied previously.*> Such liquid environ-
ments are useful for many digital microfluidic applications.
Another interesting topic would be to develop control
schemes and systems to manipulate a large number of drop-
lets on a 2-D plane. Like EWOD,**>* the present method can
be extended to a variety of applications.

Conclusion

This paper describes a novel digital microfluidic circuit based
on dielectrowetting. In order to manipulate (create, transport,

This journal is © The Royal Society of Chemistry 2017
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Fig. 10 DI water droplet manipulations by dielectrowetting. (A) Water droplet (~10.8 ulL) transporting from left to right. (B) Water droplet (~7.2 ulL)
splitting sequential procedure. (C) Volume effect on splitting for three liquids: propylene carbonate, DI water with and without surfactant. The
three broken lines from left to right show the threshold volumes where splitting occurs for the different liquids. All the manipulations are carried
out at 340 V and 55 kHz without a top cover plate. Scale bars are 2 mm. Movie clips (Movies S5 and S67) are available.

split, and merge) droplets, an individually addressable inter-
digitated electrode array is designed to generate non-uniform
electric fields, which are essential to generate strong L-DEP
forces. The L-DEP force is a driving force in dielectrowetting
that changes the contact angle even down to 0° at a high volt-
age. This dielectrowetting actuation is utilized for droplet
generation, splitting, transport, and merging. First, the con-
tact angle change, A8, versus voltage and frequency was inves-
tigated for dielectric fluid (propylene carbonate). A6 responds
most notably at 20 kHz for propylene carbonate, which is
chosen as the operating frequency for the following experi-
ments. The contact angle as a function of voltage is depicted
from 87.6° to 0°, and is in good agreement with the given
model. Complete wetting occurs when the voltage is elevated
to more than 236 V. A single droplet is stretched along the
electrodes, without crossing the finger electrode edges. Over
the threshold voltage, it starts to spread laterally to the
electrodes, resulting in a thin film. The DEP force is large
enough to drive the droplet to cross the boundaries between
two electrode pads.

Droplet generation with several different volumes is
achieved by activating multiple electrodes. The procedure is
to pull the liquid from the reservoir to the linear array of digi-
tal electrode pads, followed by powering off the first electrode
adjacent to the reservoir. The surface tension contracts the
droplet to neck and eventually break it into small droplets.
Similarly, splitting and transporting are achieved by spread-
ing and turning off the involved electrode pads. Splitting and
merging of multiple droplets are achieved easily in the pres-
ent device. To prove the above droplet operations with aque-
ous (conductive) fluid, DI water with and without surfactant
is actuated by the same electrode design. The contact angle
of water changes more significantly (from 120° to 61° without
surfactant and from 80° to 36° with surfactant), compared to
the typical 40° change for water without surfactant in the

This journal is © The Royal Society of Chemistry 2017

conventional EWOD. Transporting and splitting for both wa-
ter fluids are realized. The initial droplet volume effect on
splitting is also studied. It should be emphasized that all
these droplet operations are achieved in an open environ-
ment without the top plate cover.
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