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The ultrafast bouncing motion of a liquid droplet has been investigated for droplet manipulation with
a single droplet actuator using an electrostatic force for the first time. Under an electrostatic field,
various kinds of liquid droplets (e.g. deionized water and poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate (PEDOT:PSS) solution) were rapidly bounced between two superhydrophobic electrodes, one
from a capacitive electrode and another from a stage electrode. They were formed by sequential
processes of a galvanic displacement method and the coating of a self-assembled monolayer on
circular-patterned Cu films on a printed circuit board substrate. The frequency of the bouncing motion
of the droplets reached up to 0.57 kHz and 0.71 kHz for water and PEDOT:PSS solution, respectively.
Furthermore, the effects of the droplet volume, different types of liquid material such as water and
conducting polymer solution, and applied voltages on the droplet bouncing motion were fully analyzed.
A charge transfer between the droplet surface and the super-hydrophobic electrodes leads to droplet
bouncing and its repetitive charging/discharging process across two electrodes results in a continuous
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droplets under rapidly-bouncing motion via the stage electrode. This rapidly-bouncing droplet actuator
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Introduction

Droplet manipulation in microfluidic systems has attracted
considerable interest since independently and precisely
controlled droplets can be used to efficiently acquire large
amounts of data. Such a microfluidic system can be applied to
various fields such as droplet-based digital microfluidics, elec-
tronic displays,> micro-reactors,® water harvesting,* adjustable
lenses,” and biological applications.® Several methods for
manipulating droplets have been developed,”® some of which are
based on electrokinetic forces including electrowetting,' elec-
trophoresis,"** electroosmosis,">** and dielectrophoresis.*>*®
Among these methods, the electrowetting approach, which
controls the wettability of droplets on a metal electrode by varying
the electrical potential, has been widely researched over the past
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its high-speed, contamination-free and facile method.

decade since it can easily control the droplet motion and be
integrated into a lab-on-a-chip system."” For example, Lee et al.
reported capillarity-driven droplet jumping on a super-
hydrophobic surface using electrowetting-on-dielectric (EWOD)
technology, verifying droplet jumping mechanisms based on the
jumping height and the energy conversion.*

Although the electrowetting method also has diverse
advantages including fast response and low driving voltage,
undesirable effects such as cross contamination on the water
droplet can be generated due to the relatively large mechanical
contact area between the droplet and the driving substrate. To
minimize the undesirable effects of contamination, an electro-
phoretic method that controls charged droplets using the
electric force has been recently studied since it does not need
the large contact area between the droplet and the driving
substrate.” Im et al. studied the electrophoretic motion of
various kinds of droplets in an oil medium for the purpose of
micro-droplet actuation.”” Although contamination originating
from physical contact between the droplet and the substrate
could be avoided in these approaches, some contamination still
remained due to the use of an oil medium.**** Washizu et al.
demonstrated electrophoretic transport and droplet manipula-
tion on a hydrophobic layer-coated substrate with array-
patterned microelectrodes without an oil medium, thereby
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reducing the undesired contaminations.” Although the trans-
port and mixing of each droplet can be successfully realized by
switching the voltage applied to the electrode array, it is very
difficult to adapt this method to the high-speed manipulation of
droplets due to the limitation of the switching speed of the
applied voltage.

In this paper, we investigated the contamination-free and
rapidly bouncing motion of a liquid droplet using an electro-
static field generated between two superhydrophobic elec-
trodes. The droplet continuously maintained its bouncing
motion of sub-kHz frequency until it was fully evaporated. To
the best of our knowledge, the study on continuously and
rapidly-bouncing motion of droplets has been discussed for the
first time. For superhydrophobic electrodes, circularly
patterned superhydrophobic Cu films on a printed circuit board
(PCB) substrate were fabricated by synthesizing silver hierar-
chical structures using galvanic displacement, followed by self-
assembled monolayer (SAM) coating using 1H,1H,2H,2H-per-
fluorodecanethiol (PFDT). A capacitive electrode and a stage
electrode were vertically aligned and a liquid droplet was placed
on the stage electrode. Electrical potential was only applied to
the capacitive electrode for liquid droplet actuation. Using
a high-speed camera, the motion, deformation, and bouncing
frequency of the liquid droplets of deionized (D.1.) water and
poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS) solution during bouncing movement, were
captured. The bouncing frequency was proportional to the
applied voltage and was also affected by the type of liquid due to
different viscosities. Maximum bouncing frequencies for D.I.
water and PEDOT:PSS solution were 0.57 kHz at 1 kV and 0.71
kHz at 1.2 kV, respectively. Furthermore, the start and stop
voltages for the bouncing action were examined according to
the droplet volume. We verified that the continuously bouncing
movement of droplets was due to repetitive charging/
discharging processes on the droplets’ surfaces by using
a numerical solver and measuring the current signal during
bouncing motion.

Materials and methods

Fabrication of superhydrophobic electrodes

Two square FR-4 PCB substrates with 5 cm width and 2 mm
thickness were first prepared and then patterned Cu films with
a thicknesses of 70 um, intended for the use of working elec-
trodes, were deposited. A circular Cu film with 1.5 cm diameter
was formed at the center of the top side on one PCB as the stage
electrode and both sides on another PCB as the capacitive
electrode, as shown in Fig. 1e. The stage electrode and the top
plate of capacitive electrode were respectively referred to elec-
trical ground resulting in the formation of two electrostatic
fields by applying voltage into the bottom side of capacitive
electrode. The bottom side of the stage substrate was fully
deposited with Cu and connected to the side stage electrode by
via to avoid any distortion of electrostatic field. To remove the
copper oxide on the surface of the circularly patterned Cu film,
the two substrates were dipped into a 20% CH3;COOH solution
for 4 hours. Then, the substrates were rinsed by D.1. water and
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immersed into an aqueous solution of 0.7 mM AgNO; for 30
min at room temperature. Ag dendrite nanostructures were
formed on the circularly patterned Cu films by using an elec-
troless galvanic replacement reaction.? Since Ag" ions chemi-
cally reacted with Cu atoms due to their ionization tendencies,
Ag" ions were converted into Ag atoms and deposited onto the
Cu surfaces with dendritic shapes. Ag dendrite-coated speci-
mens were rinsed by D.I. water and dried in ambient atmo-
sphere for 1 hour to remove the residual water. Then, in order to
lower the surface energy of the Ag-dendrite/Cu films, a chemical
superhydrophobic coating process was conducted by placing
the samples in a 1 mM PFDT solution in ethanol for 12 hours.

Bouncing actuator setup

The capacitive electrode was placed above the stage electrode
with spacing distances of 2, 2.5, and 3 mm. The circularly
patterned Cu films of the capacitive and stage electrodes were
vertically aligned. To apply electrostatic field across the top and
bottom of capacitive electrode, wires were soldered to the
circular shaped Cu films for both sides by Via and connected to
a high voltage power supply (PS325, Stanford Research
Systems). The top side of capacitive electrode was connected to
electrical ground and the bottom side of capacitive electrode
was applied with negative voltage ranging from 0 to —1.7 kvDC
with 0.001% regulation. The stage electrode was connected to
the ground conductor of a 200 pm-thick Cu foil with a dimen-
sion of 20 x 20 cm” through the bottom side, which limited the
available charge. This configuration allowed the injection of
free electrons to a droplet on the stage electrode and prevented
a direct discharge between the bottom side of capacitive elec-
trode and the stage electrode, which might result in an electric
spark during the rapidly-bouncing motion of droplet.

Characterization

The surface morphology of the Ag dendrite-covered Cu film was
examined using a JEOL JSM-7001F field emission scanning
electron microscope (FE-SEM). Water contact angles (CAs) were
observed by a dynamic image capture camera (DSC-T30, SONY
Co., Ltd.), whereas the droplet images were captured using
a high-speed video camera (Kodak Motion Corder Analyzer PS-
220, SR-Ultra-C) operating at a rate of 2000 frames per s and
equipped with a 12 mm video lens (Cosmicar/Pentax TV-lens,
12 mm, 1:1:2). XPS spectra were obtained using a K-alpha
instrument (Thermo Scientific) equipped with a mono-
chromated Al Ko X-ray source (1486.6 V). The X-ray power was 12
kv and 3 mA with a spot size of 400 pm diameter and pass energy
of 40 eV. The numerical results were simulated using a commer-
cial numerical solver (COMSOL Multiphysics 5.0). The current
during droplet bouncing was measured using a Keithley 2400
SourceMeter (Keithley Instruments Inc., Cleveland, OH, USA).

Results and discussions

To obtain a superhydrophobic surface for the rapidly-bouncing
droplet actuator, PFDT-coated Ag dendrite/Cu films were
fabricated by sequential processes of electroless galvanic
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replacement reaction and PFDT chemical coating.*® The
dendritic structure is advantageous due to the microscale
overhang-like structures, and hierarchical structures with
a large number of nanoscale air cavities.”” Detailed explanations
of Ag dendrite formation on the surface of Cu film by electroless
galvanic replacement were presented in our previous
studies.*"*’ Briefly, when a Cu film was immersed in an AgNO;
aqueous solution, micro- and nano-scale metal particles of Ag
are selectively formed on the Cu film. Since the ionization
tendency of Cu is higher than that of Ag, Ag ions are reduced to
Ag atoms on the Cu film while Cu atoms are converted into Cu
ions. The electroless galvanic replacement reaction can be
expressed as follows:

Cu +2Ag" — Cu™ +2Ag (1)

As the dipping time of AgNO; aqueous solution increases, Ag
particles aggregate together, and leaf-structured Ag dendrites
form only on the Cu films. Since the branched Ag dendrites,
which are composed of micro- and nano-scale metal particles,
have hierarchical roughness, Cassie-Baxter surfaces were
formed.?®

Along with the chemical coating of PFDT on the Ag
dendrite/Cu film for a low surface energy, superhydrophobic
electrodes were successfully obtained. Fig. 1a is a photograph of
~5 pL water and ethylene glycol droplets with CAs > 150° on the

View Article Online

RSC Advances

superhydrophobic electrode and a SEM image of the branched
Ag dendrites on the Cu film with a hierarchical roughness where
the galvanic reaction time (t,) is 30 minutes. Fig. 1b and ¢ shows
the XPS measurement results of the Ag dendrite-grown Cu and
PFDT-coated Ag dendrite/Cu film. Ag was observed after Ag
dendrite growth and F was observed after coating PFDT. Neither
peaks were observed for the bare Cu film. Fig. 1d shows the CAs
of water droplets on the surface of the superhydrophobic elec-
trode as a function of ¢,. The water CA of PFDT-coated Cu film
was initially 136.4° (t, = 0) and drastically increased with t,.
When ¢, > 5 minute, the CA became saturated at an angle of
~160°, meaning that the wetting property was converted into
the superhydrophobic state. The inset of Fig. 1d is an optical
image of a static water droplet on the flat surface of the super-
hydrophobic electrode at ¢, = 30 minute which results in a high
CA of 159.5°, allowing a complete rebound of single droplet. In
our study, we used ¢, = 30 minute for the superhydrophobic
electrode for the electrostatic force-driven droplet actuator.
The superhydrophobic capacitive and stage electrodes were
set up to examine the droplet bouncing actuator with electro-
static force as depicted in Fig. 1le. The capacitive electrode was
located above the stage electrode at a distance of 2, 2.5 or 3 mm
and the electrodes were well aligned to apply a uniform elec-
trostatic field. The top and bottom of the capacitive electrode
were respectively connected to the cathode and anode of a high-
voltage power source, which was negatively biased up to 1.7

a Cc

Ag3d Fi1s
1‘; Cu/Ag/PFDT E Cu/Ag/PFDT
2 2
n n
= =
] ]
= =

Cu/Ag Cu/Ag

365 370 375 680 685 690 695

d 165

160
155
150 |
145
140 |

135 |

Water contact angle (8)

0 5 10 15 20 25 30
Galvanic reaction time (min)

130

Fig. 1

Binding Energy (eV)

Binding Energy (eV)

=)
=)
(=)
[
@
=)

High-voltage G E

source

Capacitor
4 f/’/\ I 7/
- BN
~

>

). P
AR

\

N

Superhydrophobic PFDT="
coated Ag dendrite/Cu film
[

Stage substrate

(a) Photograph image showing the high CAs of water and EG on the superhydrophobic electrode. (Bottom blue box: SEM image of the

PFDT-coated Ag dendrite/Cu film at t; = 30 min.) XPS results of (b) Ag 3d and (c) F 1s for Ag dendrite-grown Cu and PFDT-coated Ag dendrite/Cu
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kvDC. Below the voltage of the bouncing threshold, the shape
and motion of the droplet were not changed. However, when the
applied voltage was sufficiently high, the electrostatic force
applied to the water droplet became larger than the gravita-
tional force, resulting in the D.I. water droplet bouncing as
shown in Video S1.f The adhesion force between the droplet
and the upper/bottom surfaces during the bouncing motion can
be neglected since both the stage electrode and the bottom of
capacitive electrode have Cassie-Baxter superhydrophobic
surfaces. When a hydrophobic electrode was used, the droplet
bouncing frequency was very slow (0.17 Hz) as shown in video
S2.1 The droplet was slowly elongated before detaching from
the electrode, which is due to the larger adhesion to the
electrodes.

When the applied voltage was decreased to a certain extent
after the start of bouncing motion, the bouncing speed of the
water droplet was also decreased, but the water droplet still
maintained its bouncing motion despite the applied voltage
being lower than the bouncing threshold. This can be explained
by the energy dissipation and surface energy conservation of the
droplet.*® At the moment of the collision of the droplet with the
solid substrate, the kinetic energy of the droplet is converted
into the surface and dissipation energies of the droplet. The
surface energy of the droplet was stored in the form of the
surface deformation energy of the droplet. The converted
surface energy of the droplet can then be converted into the
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kinetic energy of the droplet due to the surface tension inducing
the bouncing motion of the droplet from the substrate. As the
water droplet is much smaller than the capillary length of water
(~2.7 mm), the gravitational-potential energy can be neglec-
ted.*® In our system, owing to the superhydrophobic electrodes,
the kinetic energy dissipation of the droplet would be small and
the converted kinetic energy of the droplet would be maxi-
mized.* Therefore, when the sum of the electrostatic and con-
verted kinetic forces of the droplet is larger than the
gravitational force, the droplet can keep its bouncing motion
even at the applied voltage lower than the original bouncing
threshold. When the applied voltage was continuously
decreased, the bouncing motion of the water droplet finally
stopped since the sum of the electrostatic and converted kinetic
forces was smaller than the gravitational force of the droplet.
To observe the bouncing motion of droplets in detail, the
bouncing motions of droplets were investigated using a high-
speed video camera. Fig. 2a and b and Video S3f represents
sequential photographs (0.5 ms per frame) of the bouncing
motion of a ~1 puL D.I. water droplet between the super-
hydrophobic electrodes. Fig. 2a provides captured images in the
middle of the bouncing motion of the water droplet when the
applied voltage and the distance between superhydrophobic
electrodes were 0.7 kV and 2.5 mm, respectively. The returning
time (period) of the bouncing water droplet was 8 ms (bouncing
frequency = 125 Hz). As the water droplet approached either
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Fig. 2 Sequential photographs representing the motion and deformation of a ~1 uL water droplet during bouncing movement between the
superhydrophobic capacitive electrode and stage electrode at an applied voltage of (a) 0.7 kV and (b) 1 kV using a high-speed camera. A droplet
of PEDOT:PSS solution was also measured during bouncing motion at an applied voltage of (c) 1 kV and (d) 1.2 kV.
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side of the superhydrophobic electrodes, its shape was
deformed in two ways. When the water droplet approached the
surface of the superhydrophobic electrodes, the adjacent
surface of the water droplet was slightly elongated toward the
electrode, as shown in the droplet at the time of 2.5 ms in
Fig. 2a. This could be attributed to the fact that the electrostatic
field generated between the superhydrophobic electrode and
the surface of the droplet was increased due to the reduced
distance between them.*' Thus, charges were concentrated on
the surface of the droplet adjacent to the superhydrophobic
electrode and consequently the elongated shape was formed
due to the high electrostatic force. Another deformation
occurred at the moment of collision between the droplet and
the superhydrophobic electrode. The droplet was significantly
flattened by the inertial force during the collision of bouncing
liquid droplet to the rigid superhydrophobic electrodes with
high speed.

To observe the effect of the applied voltage, we investigated
the bouncing motion of the water droplet with an increased bias
voltage of 1 kV as shown in Fig. 2b. The period of the bouncing
motion was measured to be 1.75 ms (bouncing frequency =
0.57 kHz), which was about 4.5 times shorter than that of under
0.7 kV. The bouncing frequency of the water droplet was
proportional to the electrostatic force and the extent of droplet
deformation was also enhanced corresponding to the increased
inertial force. If the bouncing velocity of the droplet were to be
too high, a transition from Cassie state to Wenzel state could
have occurred during the collision due to the damaged surface
and thus the droplet could stick to the electrode and stop the
bouncing motion. Nevertheless, this phenomenon was not
observed in our actuator until the droplet was fully evaporated,
indicating that the fabricated superhydrophobic electrodes
have high stability under mechanical stress.

When a droplet bounces on a non-wetting surface, the
characteristics are affected by the droplet size, speed and Weber
number.** The Weber number is a dimensionless value which
compares the kinetic and surface energies of the droplet which
is as follows:*?

W = pV*Rly (2)

where p is the liquid density, Vis the impinging velocity, R is the
droplet radius and v is the surface tension. The ~1 pL water
droplet shows W = at 0.7 kVand W = at 1 kV. In general, larger
W leads to larger deformation during the impact and the
contact time with the surface is affected by the droplet size and
is irrelevant with the velocity.** The contact time for a ~1 uL
droplet is approximately 5 ms, which is comparable or even
longer than the bouncing period in our system. The contact
time for water at 0.7 kV is approximately 1.5 ms and at 1.0 kV is
less than 0.5 ms. The shorter contact time at higher voltages
show that the electrostatic force pushes away the droplet when
it contacts with the electrodes, which results in ultra-fast
bouncing. The detailed bouncing mechanism will be dis-
cussed later on.

Fig. 2c shows the sequential images of a ~1 pL droplet of
PEDOT:PSS solution with an applied voltage of 1 kV in order to
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investigate the effects of the droplet's properties on the
bouncing motion. The distance between the electrodes was
maintained to be 2.5 mm. The measured bouncing period of the
PEDOT:PSS droplet was 3.5 ms (bouncing frequency =
0.28 kHz), which was longer than that of the water droplet with
the same bias voltage. When the applied voltage was increased
to 1.2 kv, the bouncing period was also decreased to 1.4 ms
(bouncing frequency = 0.71 kHz) with the help of the increased
electrostatic force (Fig. 2d).

When an ideal conducting solid sphere contacts with an
electrode under electric field, the amount of induced charge on
the surface of the droplet by the electrode (Q) is given as
follows:*

2 5

0= < (4rcr?)eE (3)
where r is the radius of the conducting liquid sphere, ¢ is the
permittivity of the surrounding medium, and E is the applied
electric field. When a droplet contacts the charged substrate,
the droplet can become charged due to the redistribution of
surface charge.** In the case of the D.I. water droplet, the
amount of charging would be limited by the low conductivity of
water which leads to smaller charges than that of in the perfect
conductive sphere. However, the PEDOT:PSS solution contain-
ing ions is a bit more similar to an ideal conductive sphere
compared to D.I. water.”** Thus, the electric charge of the
surface of PEDOT:PSS solution droplet on the super-
hydrophobic electrode under electrostatic field would be higher
than that of water droplet. To prove this, we measured the
bouncing start voltages of ~1 puL water and PEDOT:PSS solution
droplets with several distances between electrodes (2.5, 3.0 and
3.5 mm) as shown in Table 1. At all distances, the start voltages
of droplet bouncing for PEDOT:PSS solution were lower than
those of water droplets, since the surface charging of
PEDOT:PSS solution droplet would be efficiently occurred at
a lower voltage than that of the water containing limited free
electrons. In this respect, the velocity of the PEDOT:PSS solution
droplet would be faster than that of water droplet, since the
induced electrostatic force on PEDOT:PSS droplet is higher than
that on the water droplet. Nevertheless, the velocity of the
PEDOT:PSS solution droplet was getting slower than that of
water droplet as shown in Fig. 2b and ¢, which can be attributed
to the different viscosity of PEDOT:PSS solution from water. As
shown in Fig. 2c, the degree of deformation of PEDOT:PSS
solution droplet was lower than that of water, since the viscosity
of PEDOT:PSS solution is within a range of 15-50 cP which is

Table 1 Bouncing start voltages of ~1 pL water and PEDOT:PSS
droplets by varying the distance between the stage substrate and the
capacitor of 2.5, 3.5, and 3.5 mm

Bouncing start voltages (kV)

Distance (mm) Water PEDOT:PSS
2.5 1.049 0.992
3.0 1.357 1.298
3.5 1.620 1.572
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higher than that of water (1.0020 cP) at 20 °C.* It should be
noted that the density of water and PEDOT:PSS solution at 20 °C
is 0.9982 and 1 g cm >, respectively, which is negligible. When
a liquid droplet has high viscosity, the dissipation energy
generally increases at the moment of the collision and thus
some of the kinetic energy of the droplet can be lost during
droplet deformation,®*® which induces the slower velocity of the
PEDOT:PSS solution droplet than that of water droplet.

To investigate the dependency on the droplet volume, the
start and stop voltages of the bouncing motion were analyzed.
Fig. 3a represents the average start voltages of the bouncing
motion of water droplet according to the droplet volume. When
the volume was above 1 pL, it was proportional to the droplet
volume. To start the droplet bouncing, the electrostatic force
exerted to the droplet should be higher than the gravitational
force of the droplet. The electrostatic force was determined by
the induced surface charge of the droplet under constant elec-
trostatic field, which was proportional to the surface area of
droplet as shown in eqn (3). Meanwhile, the gravitational force
(Fy = pVg, where p is the density of the droplet, V is the volume
of the droplet, and g is the gravitational acceleration) was
proportional to the droplet volume, showing that the dimension
of the droplet largely affects the gravitational force than the
electrostatic force.*” Thus, when the dimension of the droplet
was increased, higher bias voltages were required to overcome
the increased gravitational force for the start of bouncing
motion.

On the contrary, when the droplet volume was in the nano-
liter range (<1 pL), the start voltage of bouncing motion was
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Fig. 3 Changes of (a) start and (b) stop voltages of water droplet
bouncing motion depending on the droplet volume.
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increased to about 1.1 kV despite the volume decrease. Due to
the reduction-nucleation-growth process of the electroless
galvanic replacement reaction, leaf-textured Ag dendrites with
micro-scaled stem and branches were covered with Ag nano-
particles on the Cu films (Fig. 1a). Especially, a large number of
voids under the Ag leaf-textured dendrites were easily
observed.> When the micro-liter water droplet was dropped on
the superhydrophobic PFDT-coated Ag dendrite/Cu films with
hierarchical roughness, air pockets between the super-
hydrophobic surface and the droplet are assumed to be trapped
under the droplet, leading to the formation of a Cassie-state.’®
However, when the size of the water droplet decreased to nano-
liter volume, it was hard to retain the Cassie state and the
wetting mode was changed to a Wenzel state.*” Since the liquid
entirely fills the grooves of the rough surface in the Wenzel
state, the adhesion force between the surface and the droplet is
higher than that of the Cassie state.*” Therefore, the sliding
angle of the nano-liter sized water droplet increased to
approximately 10°, as shown in Fig. S1,7 which was higher than
that of micro-liter sized water droplet (almost zero). Therefore,
the required electrostatic force to overcome the sum of the
increased adhesion and gravitational forces for bouncing
motion increased and the start voltage of the nano-liter sized
droplet bouncing was higher than that of micro-liter sized one.
In the case of the stop voltage of bouncing motion, the tendency
was quite different from the start voltage. As shown in Fig. 3b,
regardless of the nano- or micro-liter droplets, the stop voltage
was constantly increased as the volume increase of water
droplets. It would be attributed to the fact that the air pockets
could be retained due to the high-speed bouncing motion. Since
the droplet bouncing happened within very short period, there
is no time to wet the groove of rough surface and wipe out air
pockets.

The mechanism of droplet bouncing motion under electro-
static field can be explained by the repeated charging/
discharging process between the droplet and the electrodes.**
Fig. 4a illustrates the bouncing mechanism of an aqueous
droplet on a superhydrophobic electrode according to the
position of the droplet. First, when a negative bias was applied
to the upper capacitive electrode, negative and positive charges
are accumulated to the bottom and top of the capacitive elec-
trode, respectively. Due to the bottom's negative charge of the
capacitive electrode, a positive charge was induced to the stage
electrode. Since a water droplet was placed on the stage elec-
trode which is positively charged, the surface charge redistri-
bution of the liquid droplet induces the charging process and
the amount of charge can be estimated by using eqn (3). When
the electrostatic force originating from the surface charge
overcame the gravitational force by increasing the applied
voltage, the droplet moved toward the bottom side of the
capacitive electrode. Assuming that the amount of charge at the
start of bouncing is +Q, once the droplet reaches the negatively-
charged bottom of capacitive electrode, it continues to increase
its negative charges, which results in the excess of negative
charge (—Q). Then, the droplet comes back to the positively-
charged stage electrode by the oppositely-conversed electro-
static and gravitational forces. The droplet is charged again at

This journal is © The Royal Society of Chemistry 2016
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Fig.4 (a) Pictorial descriptions on the mechanism of droplet bouncing motion by the repetitive charging/discharging process. Electrostatic field
distributions of (b) the droplet actuating system and (c) the surface of water droplets at different locations between the capacitive electrode and
stage electrode using a simulation tool. (d) Electrostatic forces of 1, 2, and 3 pL water droplets depending on the applied voltage obtained from
the simulation model. (e) Simulated data (symbol) of the start voltages of water droplets and the fitted line of the simulated data by varying the

droplet volumes ranged from 1.0 to 3.0 plL.

the stage electrode and this charging/discharging process is
repetitively occurred as long as the electric field is maintained.

We also examined the dynamics of electrostatic field distri-
butions of the rapidly-bounced droplet actuator by using
a commercial numerical solver, COMSOL Multiphysics 5.0,
based on the electrostatic module as shown in Fig. 4b. The
simulation model of the rapidly-bouncing droplet actuator was
identically structured as seen in Fig. 1e. In this simulation, the
top side of the capacitive electrode and the stage electrode were
electrically grounded and the bottom side of the capacitive
electrode was biased with a —1 kVDC. The bouncing distance
between electrodes was set to be 2.5 mm and the water droplet
was assumed to be a 0.7 mm-radius sphere. The physical
parameters in the simulation are represented in Table 2. Fig. 4c
shows the sequential electrostatic field distributions on the
surface of the water droplet when it vertically bounced. When

This journal is © The Royal Society of Chemistry 2016

the water droplet was placed on the surface of the stage elec-
trode and moved upward, the electrostatic field on the surface
of the water droplet was concentrated toward the direction of
the negatively-biased electrode. When the water droplet was
located on the surface of the bottom side of capacitive electrode
and moved downward, the electrostatic field on the surface of
the droplet was concentrated toward the direction of the stage
electrode.

Table 2 Physical properties used in the simulation

Conductivity of Cu 5.998 x 107 Sm ™’

Relative dielectric constant of liquid water 78
Relative dielectric constant of glass 4.2
Relative dielectric constant of air 1
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When the liquid droplet is placed under an electrostatic
field, the electrostatic force exerted on the droplet (F) can be
calculated by the Maxwell stress tensor method as follows:**

2
F= J leosr (E) ds (4)
52

where S is the surface area of the droplet, ¢, is the permittivity of
free space, ¢, is the relative permittivity of the droplet and E is
the electrostatic field. Furthermore, E is affected by Coulomb's
law and the superposition principles as shown by the following
equation.”

., 1 /0
E=- =i 5
47teg ;(r,-z ! (5)
where N is the number of point charges, Q; is the electric charge
of the i-th point charge, and 1; is the corresponding unit vector
of r;, which is the position of charge Q;. The boundary condi-
tions used in this simulation are as follows:

E = —V¢, where ¢ is the electrical potential (6)

¢ = —1 kV, (anode of capacitive electrode), ¢ = 0, (cathode of
capacitive electrode).

From eqn (3)-(5), we calculated the electrostatic forces
exerted on 1, 2, and 3 pL water droplets by increasing the
applied voltage using the simulation model (Fig. 4d). As the
applied voltage and the droplet volume increased, the electro-
static forces also increased and showed non-linear character-
istics as expected. In order to investigate the effect of droplet
volume on bouncing motion, we estimated the start voltage of
bouncing motion of the water droplet by varying the droplet
volume as shown in Fig. 4e using the COMSOL. The estimated
electrostatic forces were not exactly the same with those of our
experimental results in Fig. 3a. Even if the overall electrostatic
force is smaller than the gravitational force, the electrostatic
force may be larger in some local regions, leading to local
deformation of the droplet. Also, water is not an ideal con-
ducting solid. Nevertheless, the start voltage obtained by the
simulation model almost linearly increased depending on the
droplet volume, indicating a similar tendency to our measured
data.

In order to confirm the repetitive charging/discharging
process during droplet bouncing, we measured the electric
current signal of the droplet during bouncing motion by con-
necting a current source meter to the stage electrode. Fig. 5
represents the current signal of a ~1 uL water droplet during
bouncing motion over 50 seconds for applied voltages from 1.3
to 0.7 kvDC with a 0.1 kV interval. The droplet started bouncing
at the applied voltage of 1.3 kV and approximately 6 nA current
was measured with a 1 nA current fluctuation. When the applied
voltage was gradually decreased with a step size of 0.1 kv, the
current also decreased with a current step of about 0.8 nA. Then,
the droplet eventually stopped bouncing at 0.7 kV and no
current was measured. The current tendency of PEDOT:PSS
solution depending on the applied voltage was also similar to
that of the water droplet (Fig. S2t). Interestingly, the measured
current during the bouncing motion of the water droplet shows
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Fig. 5 The current changes of a ~1 plL water droplet during bouncing
motion on the superhydrophobic electrodes under 50 seconds each
of the applied voltage at 1.3 kV to 0.7 kV with a 0.1 kV interval.

a continuous waveform, not a pulse-type. By the bouncing
mechanism of droplet shown in Fig. 4a, the current character-
istic should be a pulse-type signal, and not a continuous current
signal, as shown in Fig. 5. This can be attributed to the fact
that the acquisition time of the current source meter (0.082 sec)
was much longer than the time of droplet bouncing once (e.g.,
0.00175 sec at 1 kV using the water droplet). Furthermore, when
the applied voltage was 1.3 kV, the obtained current was not
constant, but gradually decreased. This can be explained by the
evaporation of the droplet during bouncing motion with high-
speed. To confirm the evaporation effect of the bouncing
droplet, the current change of water droplet was investigated, as
shown in Fig. S3.1 The current gradually decreased over time
and stopped when the water droplet was completely evaporated
during the bouncing motion.

Conclusions

In summary, we have demonstrated a rapidly-bouncing droplet
actuator using superhydrophobic PFDT-coated Ag dendrite/Cu
films, which were easily obtained by galvanic displacement.
When the electrostatic force was higher than the gravitational
force by increasing the applied voltage, various droplets
including water and PEDOT:PSS solution were successfully
bounced between the circular-patterned superhydrophobic
stage electrode and capacitive electrode. The movement and
deformation of droplets during the high-speed bouncing
motion were examined using a high-speed video camera (0.5 ms
per frame). Furthermore, the effects of the droplet volume, types
of liquid materials, and applied voltage on the bouncing motion
were experimentally investigated. Due to the repetitive
charging/discharging process and the use of superhydrophobic
surfaces, without any bias switching, the droplets continuously
showed ultrafast bouncing motion (0.57 kHz for water and 0.71
kHz for PEDOT:PSS solution) under the electrostatic field. To
verify this process, the current signals of the droplets were
measured during bouncing motion and a few nA current was

This journal is © The Royal Society of Chemistry 2016


http://dx.doi.org/10.1039/c6ra12092j

Published on 08 July 2016. Downloaded by Y onsei University on 21/07/2016 08:10:16.

Paper

continuously measured at the current source meter. We expect
that this droplet bouncing actuator with high-speed,
contamination-free and facile method can be applicable to the
advanced functional open-channel lab-on-a-chip technology
such as biomedical diagnosis and micro reactors.
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