INTERNATIONAL JOURNAL OF PRECISION ENGINEERING AND MANUFACTURING Vol. 11, No. 6, pp. 991-1006 DECEMBER 2010 / 991

DOI: 10.1007/512541-010-0121-1

Bubble Actuation by Electrowetting-on-
Dielectric (EWOD) and Its Applications: A
Review

Sang Kug Chung'#, Kyehan Rhee' and Sung Kwon Cho?

1 Department of Mechanical Engineering, Myongji University, San 38-2 Namdong, Cheoin-Gu, Yongin, Gyeonggido, South Korea, 449-728
2 Department of Mechanical Engineering and Materials Science, University of Pittsburgh, Pittsburgh, PA, USA, 15261
# Corresponding Author / E-mail: skchung@miju.ac.kr, TEL: +82-31-330-6346, FAX: +82-31-321-4959

KEYWORDS: Microfluidics, Lab-on-a-chip, Bubble dynamics, Cavitational microstreaming

This paper reviews the principles, operations, and applications of bubble-based electrowetting-on-dielectric
(EWOD). EWOD has proved to be an efficient tool in digital microfluidics that employs discrete droplets, and
various applications that use the principles of EWOD have been developed from lab-on-a-chip to optical systems.
Similar to its use with droplets, EWOD can also be applied to gaseous bubbles. This review begins with a
discussion of the principles of EWOD for a bubble on an electrode covered with a hydrophobic dielectric layer. It
then addresses EWOD actuation and the transportation of a bubble in an aqueous medium, along with a physical
explanation of bubble motion. The operation of EWOD is then extended to the on-chip creation/elimination and
splitting of bubbles. In particular, micro-mixers and pumps are discussed as potential applications of these
operations. Unlike droplets, bubbles can be easily oscillated by external excitation, which provides additional
Sfunctionalities. By integrating EWOD with external excitation, a number of new advanced applications are
introduced, including the capture/separation of particles and the propulsion of objects. In these advanced
operations, cavitational microstreaming flows and acoustic radiation forces are mainly responsible for the
physical mechanisms. This paper also discusses these advanced operations along with their underlying physics. It
is expected that in addition to bubble oscillation, other bubble actuation modes will create new functionalities and
new potential applications.
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= permittivity of a dielectric layer
= interfacial tension

NOMENCLATURE w = width of a bubble base
R = radius of a bubble

p = fluid density F 4riving= bubble driving force
4 = fluid dynamic viscosity w = streaming function of a cavitational streaming flow
V' =mean fluid velocity & = amplitude of bubble oscillation normalized by a radius of
L = characteristic length a bubble
6 = contact angle under an applied electrical potential o = angular frequency of an applied acoustic wave
0, = equilibrium contact angle r = distance from a bubble center
V' = electrical potential A¢ = phase shift between volume and translational oscillations
&
Y
t

= thickness of a dielectric layer

6r = contact angle on the right side of a bubble
6, = contact angle on the left side of a bubble
6.4y = advancing contact angle

6. =receding contact angle

1. Introduction

As interest grows in biomedical and genomics applications such

as DNA sequencing, microarrays, and bio-entity manipulation, lab-
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on-a-chip or micro total analysis systems (LTAS) technologies
becomes increasingly important.'” A lab-on-a-chip is a small device
made up of microfluidic components such as channels, pumps,
valves, and sensors on a microscale; the use of such devices permits
the realization of many biological/chemical laboratory functions on
a single chip. The key research topic in the development of these
systems is microfluidics, which deals with fluids on a submicroliter
scale or even smaller volumes.

In dealing with such small volumes, fluid manipulation
techniques that are different from those used on a macroscale
become necessary, because important physical parameters in the
system can be different.*® From the point view of fluid mechanics,
the Reynolds number (Re = pVL/u, where p, V, L, u are the density,
mean velocity, characteristic length, and dynamic viscosity of a
fluid, respectively), a dimensionless number that shows the ratio of
inertia forces to viscous forces under given flow conditions, is most
commonly used as a reference parameter to identify the dominant
governing forces and to characterize flows. As the size of a flow
system decreases, the Reynolds number linearly decreases and the
viscous forces become more dominant. As a consequence, the fluid
pumping techniques commonly used in macrochannels (e.g.,
pressure-driven pumping) may become inefficient for driving fluid
plugs in microchannels (which have low Reynolds number flows)
because of the extremely high resistance generated by the viscous
forces.

As alternatives, a variety of microfluidic manipulation
technologies has been developed that are mainly based on capillary
forces and electrokinetic methods such as electrophoresis,
electroosmosis, dielectrophoresis, and others.'*'? Electrowetting-
(EWOD),>¥"1820  which is
microfluidic manipulation methods for microscale applications, has

on-dielectric another of these
a distinct feature, namely that the microfluidic operations are
carried out in the form of discrete fluids (most commonly, droplets)

without channel networks. This is fundamentally different from

other existing methods that make use of complicated microchannels.

Microfluidics based on EWOD thus offers outstanding advantages
such as its use of extremely small fluid volumes, low power
consumption, and rapid response time. Thanks to these advantages,
various applications using the principles of EWOD have been

2421 electrical switches,'**?*  liquid

30-32

developed: lab-on-a-chips,

25-27

: - 28,29
microprism arrays,”®" and

33-40

lens, electrowetting displays,
others.

In the abovementioned applications, the target fluids are mainly
liquid. Accordingly, the focus of many review papers on EWOD has
been on the dynamics of liquid EWOD. Recently, however, it has
been found that gaseous bubbles can also be efficiently manipulated
using EWOD, a discovery that has spawned many useful
applications. This paper reviews the dynamics of EWOD with
bubbles along with its applications, which include the manipulation
and propulsion of micro-objects. In particular, as discussed in the
sections on applications, it is interesting to see how EWOD has
been integrated with other fluidic manipulation principles such as
microstreaming and acoustic radiation with bubbles (gas/liquid

interfaces).
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Fig. 1 Principle of electrowetting on dielectric: (a) Schematic
configuration; (b) Pictures of basic electrowetting demonstration on
a sessile drop. Reproduced with permission® (© 2003 IEEE)

2. Theoretical Background

2.1 Electrowetting-on-Dielectric (EWOD)

About a hundred years ago, Gabriel Lippmann,*’ a French
physicist, first discovered the electrocapillary phenomenon in which
the interfacial tension of mercury in an electrolyte solution could be
modified by applying electrical voltages between the mercury and
the solution. Though he invented a few applications based on this
principle, the electrolysis caused by the flow of electric current
through electrolyte solutions, even if it was under a few hundred
millivolts, presented an obstacle to a wide range of possible
applications. A century later, this principle is now drawing
considerable attention with the emergence of new microfabrication
technologies.

Berge et al.*** performed a sessile water droplet test on an
electrode covered with a thin hydrophobic dielectric layer to
prevent electrolysis and found that the interfacial tension between
the droplet and solid surface could be efficiently modified by
applying voltages between the electrode and the droplet, as shown
in Fig. 1. This process is called electrowetting, or to be precise,
electrowetting-on-dielectric (EWOD). When voltages are applied
between the droplet and electrode (that is, across the dielectric
layer), the dielectric layer acts as a capacitor, so that electric charge
layers are built up near the solid-liquid interfaces in the dielectric
layer with a minimal flow of electric current. The thermodynamic
interpretation of this is that the lowered surface energy generated
because of the charge buildup causes the droplet to spread out on
the dielectric layer because the electric charges around the three-
phase contact line (TCL) are accumulated by the applied electric
potentials. As a consequence, the applied voltages control the
wettability of the dielectric surface. EWOD has demonstrated
excellent reversibility and robust operation because it involves no

. . 1
mechanical movement of solid parts.”'®
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Fig. 2 Preliminary results of electrowetting principle with an air
bubble. The bubble retracts under electric potential and reversibly
spreads back to the initial state under no electric potential: (a)
configuration; (b) no electric potential applied; (c) electric potential

applied. Reprinted with permission'®

The relationship between the applied voltages and the change in
contact angle, which is given by the so-called Lippmann-Young
equation, can be derived from the minimum free-energy
requirement for thermodynamic equilibrium conditions as follows:

COSHZCOSHB-FS—VZ (€))
2yt

where 6 is the contact angle under the externally applied electric
potential V, 6, is the equilibrium contact angle at V=0V, ¢ is the
permittivity of the dielectric layer, y is the interfacial tension
between the droplet and the surrounding fluid, and 7 is the thickness
of the dielectric layer. This equation shows that the cosine of the
contact angle can be parabolically modulated by the applied electric
potential. In many configurations of millimeter-sized droplets, the
empirical results on contact angles have been successfully

correlated to equation (1) within a moderate range of contact angles.

Other theoretical approaches such as Maxwell stress analysis of

2044 and an electromechanical framework*>*®

electrostatic force also
confirmed equation (1).

For a non-conductive (more specifically, gaseous) fluid droplet
in a fluid conducting medium—a medium which is opposite to that
of a water droplet in an air or oil environment—the electrowetting
principle is also applicable. Figure 2 shows that an air bubble in an
aqueous environment is actuated by EWOD."”*"** However, the
bubble retracts under an electric potential due to the decrease in the
contact angle. It should be noted that the contact angle is also
defined on the aqueous liquid side (Fig. 2(a)). Zhao el al.*’*
performed an EWOD experiment for a sessile air bubble in a DI
water reservoir that consisted of four glass faces as the sides and a

plane EWOD electrode on the bottom, as shown in Figs. 2 and 3.
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Fig. 3 Contact angle measurement in a capped bubble (volume ~ 1
pL) under EWOD. As the applied voltage increases, the contact
angle decreases and as a result the bubble contracts. Over about 80
Vpe, the contact angle is saturated. The insets show the side view
at the corresponding contact angle. Reprinted with permission*’

The modification of the contact angle with respect to the applied
voltages is in good agreement with the Lippmann-Young equation
up to 80 Vpc. However, as shown in Fig. 3, the contact angle does
not change beyond a certain critical voltage, even though higher
voltages are applied, which is the same trend that is observed in the
water droplet configuration. This phenomenon is called contact
angle saturation in EWOD.’*> While several hypotheses have been
advanced to explain it, it has yet to be clearly understood. For more

details on this phenomenon, refer to other review articles.™”'®

2.2 Droplet/Bubble Transportation by EWOD

As mentioned in the previous section, it is innovative to use the
dielectric layer between the droplet and electrode. The introduction
of the dielectric layer results in not only a large modification in the
contact angle but also a reversible droplet operation with a
minimized electrolysis problem. Another innovation in the
development of EWOD is droplet transportation using patterned
EWOD electrodes, as shown in Fig. 4. Pollack et al.’*>® first
demonstrated droplet transportation using conducting droplets
ranging in size from several nanoliters to several microliters that
were positioned between two glass plates. The bottom plate had
addressable  EWOD electrodes

hydrophobic layers, whereas the top plate had a continuous ground

covered with dielectric and

electrode, as shown in Fig. 4. The conducting droplet immerged in
oil was initially placed at the center of the bottom electrodes and
was sandwiched between the two plates. When voltages were
applied between the adjacent bottom and ground electrodes, the
local contact angle on the side adjacent to the droplet changed
according to the Lippmann-Young equation. Once the applied
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Fig. 4 Schematic cross-section of the electrowetting chip.

Reprinted with permission®
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Fig. 5 Sequential sketches of bubble transportation: (a)
Immediately after the first electrode on the right of the bubble is
activated, the bubble is deformed but does not move since the
contact angles (6, and G) on the left and right sides of the bubble
are still within the contact angle hysteresis range (i.e., 6, < 6, and
Gr > 0,4, for the bubble); (b) Once the contact angles pass over the
critical angles (6,4, and 6,..) by electrowetting, the bubble starts to

move. Reprinted with permission'’

voltages exceeded a certain threshold, the droplet moved to the
adjacent activated electrode.

This work was the first demonstration of digital microfluidic
lab-on-a-chip systems that used droplets instead of the continuous
microfluidic systems.

Similar to the transportation of a droplet, an air bubble can also
be transported on a two-dimensional surface by EWOD actuation.
In order to move a bubble on a solid surface, the bubble needs to
overcome the adhesion force caused by contact angle
hysteresis.”>>*" Figure 5 shows macroscopic sketches of how a
bubble placed over an array of electrodes behaves in response to

electrowetting actuation and contact angle hysteresis.'” As denoted

by the broken line in Fig. 5(a), the bubble initially sits on a
dielectric layer in such a way that the right side of the bubble is
positioned over the second electrode from the right. Here, the
contact angles on both sides of the bubble are equal to the
equilibrium contact angle 6,. The activation of the electrode on the
right of the bubble would decrease the contact angle &, on the right
side of the bubble according to the Lippmann-Young equation,
whereas the contact angle &; on the left side of the bubble would
increase slightly because of the deformation of the bubble. It should
be noted that all the contact angles are referred to as the
macroscopic apparent contact angle, not the microscopic intrinsic
contact angle. The three-phase contact lines (TCL) on both the left
and right sides of the bubble do not move, even though the bubble
shape is deformed. As a result, the bubble manifests no sliding
movement (Fig. 5(a)).

This lack of movement is due to contact angle hysteresis (the
difference between 6, and 6,,.): in order for the TCL to advance or
recede, the contact angle needs to pass beyond critical values (6,4,
and 6, that are different from the equilibrium contact angle 6,.
These critical angles are referred to as the advancing contact angle
6.4, and the receding contact angle 6,... Many physical parameters
could play a role in the occurrence of this phenomenon, such as the
surface roughness and the degree of heterogeneity of the surface,
among others. Only if the contact angle & is lower than the
advancing contact angle 0,, and the contact angle &; is higher than
the receding contact angle 8,,., will the bubble begin to move to the
left. These conditions require a large span of modulation of the
contact angle by electrowetting actuation for the initiation of bubble
motion.

By considering the static mechanical equilibrium,***% the
bubble driving force Fne produced by electrowetting actuation
may be approximated as follows:

Fping = 27wsin(h20RJ(cos 0, —cosb,) )

where y is the interfacial tension between the liquid and the bubble,
and w is the width of the bubble base that linearly scales with the
radius R of the bubble. Here, the contact angle & of the bubble is
modulated by electrowetting actuation and decreases from the
equilibrium contact angle 6, with a large span (generally ~40°).
Therefore, the sine term in Eq. (2) can be roughly approximated to
the sine of the equilibrium contact angle 6,, whereas the difference
in the cosines in Eq. (2) increases as the contact angle &, for the
bubble is decreased by electrowetting modulation. Based on these
relationships, it can be concluded that the maximum driving force
can be achieved when the equilibrium contact angle is close to 90°
and the contact angle modulation is maximized by electrowetting
actuation. This force can be in the micronewton range. For example,
when 6 = 60° and ¢; = 120° with an air bubble of 10 pm diameter
in water, the driving force is estimated to be roughly of the order of
1 uN, more than four orders of magnitude stronger than other
actuation forces such as optical tweezers and dielectrophoresis,
among others.

The equilibrium contact angle 6, is determined by the
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Fig. 6 Sequential pictures of air bubble transportation. Reprinted
with permission'’

interfacial tensions among the solid, liquid, and bubble phases. It is
important for the contact angle modulation to be maximized by
electrowetting actuation. There is an additional condition that is
required to initiate the bubble motion: the contact angle hysteresis
should be as small as possible. It is worth noting that the driving
force linearly scales with the bubble size R according to Eq. (2),
thus dominating other forces that scale in the second or higher order
with the characteristic length.

Air bubble transportation is realized on addressable EWOD
electrodes, as shown in Fig. 6. An air bubble (~300 um dia.)
initially sits on the left square EWOD electrode (250 x 250 um?), as
shown in Fig. 6(a). When the left electrode is turned on while the
center and right electrodes are turned off, the bubble moves to the
center electrode, whose surface is hydrophobic, as shown in Fig.
6(b). To transport the bubble one step further to the right, the left
and center electrodes are turned on while the right electrode is off,
as shown in Fig. 6(c). The bubble then moves immediately to the
adjacent right electrode again. When the EWOD electrode is
activated, the initially hydrophobic surface of the electrode
becomes hydrophilic, which results in the bubble being pushed to
the hydrophobic surface, which is opposite to the water droplet
configuration.

3. Fundamental Bubble Manipulations
Digital microfluidics based on the manipulation of discrete

droplets/bubbles is a new approach to lab-on-a-chip systems, which
differs from continuous microfluidics, which deals with continuous
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Fig. 7 Experimental verification of the bubble splitting criterion. In
each case images are taken before (shown left) and after (shown
right) activating the splitting electrode: (a)-(c) the effect of the
channel gap d with a fixed R, (~1300 um). As d decreases, the
bubble is further pinched in the middle and finally split into two
(c); and (c)-(e) the effect of the bubble size in the condition that the
ratio of the splitting electrode width and the bubble size w/R, is
about equal in all the three cases. The smaller the bubble, the more
difficult it is to reach pinched shapes in the middle. Bubble
volumes in (a)-(e) are 1.00, 0.87, 0.45, 0.10 and 0.004 puL,
respectively. The same voltage of 90 Vpc is applied in all the five
cases. Reprinted with permission*’

liquid flow in microfabricated channels. Digital microfluidic
systems do not require any pumps or valves, and discrete
droplets/bubbles can be independently manipulated on a two-
dimensional surface using electrical signal controls.”'’ In bubble-
based digital microfluidics, there are four fundamental operations:
the creation, transportation, splitting, and merging of bubbles. Zhao
el al.*** was the first to demonstrate the fundamental manipulation
of bubbles using EWOD actuation.

Figure 7 shows the dynamics of bubble splitting. Optimal
splitting conditions were statically analyzed along with their
experimental confirmation. It was found that a smaller channel gap,
larger bubble size, wider splitting electrode, and/or larger changes
in the contact angle by EWOD actuation provide the conditions
favorable to successful bubble splitting. This trend is consistent
with the case of droplet splitting.

In the development of bubble-based digital microfluidics, the
creation and elimination of on-chip microbubbles at desired times
and in the desired positions are also indispensible fundamental

1.9 introduced an electrochemical method of

operations. Chung et a
creating on-chip microbubbles on demand. When voltages are
applied between the anode and cathode electrodes patterned on the
bottom plate immerged in DI water, as shown in Fig. 8, a mixed
hydrogen-oxygen bubble with a diameter size ranging from several
microns to several hundred microns is electrolytically created on-

chip.®% Figure 8(g) shows the results for the created bubble
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Fig. 8 Creation of hydrogen-oxygen mixture bubble. (a-f) The
cathode and anode are placed on the top plate in close proximity
with a separation distance of 40 ym. When a voltage (6.2 V) is
applied between the cathode and anode, a hydrogen-oxygen
mixture bubble is created at the tips of the electrodes and grows.
(g) The bubble size is controlled by time under the constant voltage
applied, ranging from 0 to 700 ym in top view diameter (0 to 45 nl

in volume). Reprinted with permission®

volume with respect to the time required; the results show that a
high degree of size controllability can be achieved by adjusting the
time.

Without the function of on-chip bubble elimination, unwanted
bubbles can cause problems such as coalescence with other bubbles,
blockage of another bubble’s path, or the generation of an undesired
flow pattern under acoustic excitation during bubble manipulation.
Zhao et al.’ introduced a simple method for the elimination of
bubbles by moving bubbles to the air-liquid interface. However, this
method requires an air-water interface on a chip, which can often
make chip fabrication and packaging more difficult.

1.5 introduced another method for the elimination of

Chung et a
on-chip bubbles. A reverse electrolytic reaction was applied with a
platinum catalyst in order to accelerate the reaction rate by reducing
the chemical energy barrier during the process.**> A number of
tests were performed to determine the relationship between the
thickness of the Teflon layer on the platinum electrode and the rate
of bubble elimination. As shown in Fig. 9, the bubble elimination
rate increases as the thickness of the Teflon layer reduces.
Interestingly, the Teflon-coated platinum electrode shows higher
elimination rates than the bare platinum electrode. This is attributed
to the fact that the Teflon-covered electrode (hydrophobic surface)
has a larger contact area than the bare platinum electrode

(hydrophilic surface).

@ 08

+ ¢ BarePt
+ et
0.8 e +  +Teflon-covered$i

v/,

Time (minute)

(b)

By
W= ._’\ 7777777777777777777777777 L
S i :
04 + R, - T
02 T Catalytic reaction T Dissolving process i
0.0 } t
0.00 0.03 0.06 0.09

Time (minute)

Experimental data (400A Teflon covered): O, Curve-fitted lines: —-- -

Experimental data (1200A Teflon covered): [1, Curve-fitted lines:

Experimental data (2000A Teflon covered): A , Curve-fitted lines: — -

Experimental data (Bare platinum): ¢, Curve-fitted lines: —
Fig. 9 Effects of the Teflon layer thickness covering the platinum
electrode on bubble shrinking. The volume (7) is normalized by the
initial volume (¥, = 0.6 nl) which is the same for all the cases tested.
For reference, a bubble on a Teflon-covered silicon surface is also
examined. The platinum electrode accelerates bubble shrinking by
an order of magnitude faster than the Teflon-covered silicon surface,
as shown in the inset. The thinner the Teflon layer is, the faster the
bubble shrinking is. Note that the bare platinum electrode is less
effective than the Teflon-covered platinum electrodes. Reprinted

with permission®

Figure 10 shows the sequential results of the creation,
transportation, and elimination of a microbubble on a small chip;
the results show the complete set of fundamental bubble operations.
In order to test these successive operations, testing devices that
consist mainly of two parallel plates (top and bottom) were
fabricated,
technology. The bottom plate contains an array of EWOD

using a standard lithographic —microfabrication
electrodes and a platinum electrode for bubble elimination, whereas
the top plate has bubble generation electrodes (anode and cathode)
and an EWOD ground electrode. The main fabrication process for
the bottom plate consisted of three steps: the metallizing and
patterning of electrodes, deposition and patterning of a dielectric
layer, and deposition of a hydrophobic layer.

For the EWOD driving and bubble elimination electrodes, a



INTERNATIONAL JOURNAL OF PRECISION ENGINEERING AND MANUFACTURING Vol. 11, No. 6

DECEMBER 2010 / 997

(a)

EWOD electrode

\A

Bubble generation electrodg 250 um

Bubble elimination site

10 pm bubble

Fig. 10 Sequential images of integrated microbubble operations:
generation, transportation, and elimination. (a-b) Note that the
elimination site is formed by covering the platinum electrode with
a 400 A Teflon layer. A hydrogen-oxygen mixture bubble (250 um
diameter) is generated by electrolysis from the top plate and
transferred to the bottom plate. (c) The bubble is transported to the
left by EWOD (d) and reaches the bubble elimination site. (¢) The
bubble begins to shrink by the catalytic chemical reaction. (f) The
bubble is shrunken down to 10 pum in diameter and is then

completely removed in a few seconds. Reprinted with permission®

platinum layer with a thickness of 1500 A and a chromium
adhesion layer with a thickness of 100 A were sputter-deposited
onto a glass wafer and then patterned by wet etching. For the
EWOD dielectric layer, a 3 pum-thick photoresist layer was spin-
coated onto the entire top surface of the bottom plate. To ensure
contact between the elimination electrode and the bubbles, a
rectangular window (500 x 1160 pm?) was created in the
photoresist layer by a developing process. Finally, the bottom plate
was coated with a hydrophobic Teflon layer.

The top glass plate fabrication consisted of metallizing and
patterning of the EWOD ground and anode/cathode electrodes. A
platinum layer with a thickness of 1500 A and a chromium
adhesion layer with a thickness of 100 A were sputter-deposited
onto a glass wafer and then patterned by wet etching. For
integration of the top and bottom plates, a large water drop was
placed on the bottom plate; then, the top plate was gently pressed
against the walls that were placed on the bottom plate. Multiple
layers of double-sided tape (each about 100 pm thick) were used for
the walls, both to confine the water in place and to serve as spacers.
For more details on the EWOD chip fabrication, refer to another
article.”

The bubble (250 um dia.) is created on-chip on the top plates
and then transported to the left on the elimination site by EWOD
actuation. The bubble on the elimination site, in which the platinum
electrode is covered with a thin Teflon layer, begins to shrink and is
completely eliminated within an hour. It should be noted that the

hydrophobic Teflon layer on the elimination site provides two
important advantages: (1) the bubble elimination time is shortened
compared to the case in which a bare platinum layer is used, and (2)
it allows bubbles to move on the elimination site using EWOD.
Without this layer, EWOD would not be strong enough to move the
bubble onto the elimination site because of the hydrophilicity of the

bare platinum surface.

4. Applications of Bubble-Based Microfluidics

4.1 Microstreaming Flow/Radiation Force
EWOD provides bubbles with mobility. This
functionality of bubbles can be enhanced by integrating EWOD

lateral

with additional modes of actuation. Because bubbles contain
compressible gases, they are susceptible to disturbance by external
pressures. When a gaseous bubble is acoustically excited near the
bubble’s resonant frequency, the bubble oscillates, generating
strong vertical flows around it. This phenomenon is called
cavitational microstreaming.”*® Marmottant el al.**”° analytically
derived the streaming function of a cavitational streaming flow for
an axisymmetric oscillating bubble sitting on a wall as follows:

v = -3’ 0sin(Ad) L cos® sin® 6 + O(e™r %) 3)
r

Here, ¢ is the amplitude of bubble oscillation normalized by the
radius of the bubble a, @ is the angular frequency of the applied
acoustic wave, 7 is the distance from the bubble center, € is the
angle coordinate with respect to the axis of translation, and A¢ is
the phase shift between volume and translational oscillations.
Figure 11 shows that the theoretical result is well matched with the
experimental result, which is based on a microbubble (~15 um dia.).

Ko et al.”" recently found that a bubble under forced alternating
current electrowetting-on-dielectric (AC-EWOD) actuation at low
frequencies also behaves similarly to an acoustically oscillating
bubble. Figure 12 shows strong streaming flows (called synthetic
jets) from a bubble actuated by AC-EWOD in an aqueous
electrolyte solution. The speed of the synthetic jet is proportional to
the oscillation amplitude of the bubble, and the jet speed reaches a
maximum at the natural oscillation frequencies. It should be noted
that the bubble oscillation amplitudes in Fig. 12 are measured from
high-speed images, but they can also be analytically predicted by
the superposition of Legendre polynomials. These streaming flows
can be utilized in the control of flow patterns and thus in the
steering of objects immersed in streaming flows.”

Bubble oscillation generates not only a microstreaming flow
around it but also an attraction/repulsion force, the so-called
radiation force (or Bjerknes force), which depends on the size and
density of the medium and object.”’> An oscillating bubble emits
spherical acoustic waves and generates nodes and antinodes in the
sound pressure field around the bubble. Miller” reported that
particle attraction occurs when a gas trapped in a microspore is
ultrasonically excited. The capturing of microparticles and various
objects using oscillating bubbles was intensively studied by Chung
et al.**7*" The effects of the frequency and amplitude of acoustic
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Fig. 11 Streamlines of the computed flow field (for z > 0),
superimposed on a number of measured vesicle trajectories, scaled
properly. Deviations between experiment and theory show the
influence of weak streaming around the vesicles. Reprinted with

permission®
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Fig. 12 Streamlines and oscillation patterns for oscillating bubbles
for different frequencies. A=1 pl and V=80 V. Reprinted with

permission’’

excitation and AC-EWOD actuation on the capturing of
microparticles are quantified with the bubble oscillation amplitude
using high-speed imaging.”” Figure 13 shows the effects of
frequency on capturing by AC-EWOD actuation. When a bubble
(~400 um dia.) is oscillated by AC-EWOD of 100 Hz, neighboring
glass beads (80 pum) are captured on the bubble (Fig. 13(a-1,2)).
However, when the frequency is shifted to 1 kHz, the degree of
capturing is not significant (Fig. 13(a-3)) because of the small
oscillation amplitude. Similar results were obtained with a 1 mm
bubble (Fig. 13(b-1,2)). Figure 13(c) shows that an oscillating
bubble moves randomly on the surface because of a large
oscillation amplitude, and captures and carries a fish egg without
losing it during its lateral motion.

4.2 Manipulation of Bio/Micro-object
By utilizing the capturing phenomenon described above, a
method of manipulating micro-objects via a mobile oscillating

Glgsebeads (a-2) @ .' !aﬁlund g a-3)
ogadia. 1lag® Beads
v 'a | Oscillatingg 5 *®
Huh].\h’ '. . huhhlt\‘: LA

408 Lun dia.)

e MM
i rmn A

Fig. 13 Capturing and carrying of glass beads and a fish egg using
oscillating bubbles: (a-1) Initial state (bubble size ~400 um), (a-2)
Strong capturing of glass beads (100 Hz AC-EWOD), (a-3) Weak
capturing (1 kHz AC-EWOD); (b) Similar to case (a) except
bubble size (~1 mm dia); (c-1) Initial state, (c-2) A fish egg (~ 1
mm) is captured on the oscillating bubble (100 Hz AC-EWOD), (c-
3) When the bubble moves randomly due to large oscillation, the
fish egg is carried by the bubble. Reprinted with permission” (©
2009 IEEE)

Released daphuua

Fig. 14 Capturing of various objects using oscillating bubbles: (a-

1) Initial state, (a-2) More than 60 glass particles (80 um dia) are
captured in orbit by the oscillating bubble when the piezo-actuator
is turned on (200 V), (a-3) The oscillating bubble, at its natural
frequency of 15 kHz, erratically and randomly moves on the
surface carrying the captured particles, (a-4) Turning off acoustic
excitation releases the captured particles; (b-1) Initial state, (b-2) A
fish egg (~1 mm in diameter) is attracted to the oscillating bubble
which is acoustically excited at 4.5 kHz, (b-3) The captured fish
egg is carried by the oscillating bubble in erratic motion on the
surface; (c-1 and -2) A live water flea (Daphnia) is captured by an
oscillating bubble acoustically excited at 4.5 kHz, (c-3) The water
flea can escape only when the bubble oscillation is turned off. Note
that the applied voltage to the piezo-actuator in (b) and (c) is 400 V.
Reprinted with permission®
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Fig. 15 Sequential pictures showing that an oscillating bubble
captures, carries, and releases neighboring glass particles: (a)
Bubble size 1.5 mm with glass beads: (a-1) Initial state, (a-2) With
acoustic excitation (at 4.2 kHz, 300 V) on and EWOD on, the
oscillating bubble captures and carries glass beads (80 mm), (a-3)
The carried particles are released with acoustic excitation off, (a-4)
The carried particles are completely detached from the bubble
when acoustic excitation is turned off, and the bubble continues to
move to the right by EWOD only (Note that the captured and
carried particles are circled by yellow broken lines); (b) Bubble
size 300 um with polystyrene particles (contact angle ~66°): (b-1)
Initial state; (b-2) A 300-pum diameter oscillating bubble captures
and carries 100-um polystyrene particles to the right under acoustic
excitation (at 20 kHz, 150 V) and with EWOD on, (b-3) Acoustic
excitation off, (b-4) Most of the particles, except one, are
completely detached from the bubble when the bubble is moved by
EWOD to the left with acoustic excitation off. The attachment of
the particle is due to hydrophobicity of the particle. Reprinted with

permission®

bubble was developed by Chung et al..*® A microbubble object
manipulation system (so-called microbubble tweezers) consists of a
top and bottom plate with a piezo-actuator attached beneath the
bottom plate. In this system, a bubble can be electrochemically
created on-chip by electrolysis and then transported on any two-
dimensional surface by EWOD actuation, as shown in Fig. 10.
When a bubble is excited by the piezo-actuator near its resonant
frequency, the oscillating bubble captures micron- and millimeter-
sized particles by means of the radiation attraction force generated
by the oscillating bubble. The captured particles can then be carried
by the oscillating bubble via EWOD actuation. When the particles
arrive at the desired location, they can be released from the bubble
by turning off the piezo-actuator excitation. Furthermore, the
bubble can be eliminated on-chip by the reverse electrochemical
reaction. A variety of objects, including microbeads, a fish egg, and
a live water flea were successfully captured, as shown in Fig. 14.

The effects of the frequency and amplitude of acoustic excitation on
the capturing of objects were quantified using high-speed bubble
imaging.

In order to demonstrate a series of integrated operations such as
the capture, carry, and release of particles in a controllable manner,
an EWOD-driving mechanism was incorporated with the acoustic
excitation. Two bubbles of different sizes (1.5 mm and 300 pm in
diameter) were examined, as shown in Fig. 15. When the piezo-
actuator attached on the bottom of the substrate was turned on, the
bubble (1.5 mm dia.) oscillated and captured near 80 pum glass
particles. The bubble was then transported to the right by
sequentially activating the EWOD electrodes, as shown in Fig.
15(a-2). While the bubble was being transported, the captured
particles were also carried with the bubble. After the bubble crossed
two electrodes, the piezo-actuator was turned off. The trapped
particles were released from the bubble surface and remained on the
bubble rim, as shown in Fig. 15(a-3). As the bubble was transported
further to the right with the acoustic excitation turned off, the
particles separated from the bubble completely.

To improve a bubble’s particle-carrying efficiency, the electrode
actuation scheme was modified by increasing the number of
inactivated EWOD electrodes from one to two during bubble
transportation. This scheme provides not only a larger surface on
which the bubble can be placed but also less deformation of the
bubble. After this improvement of the EWOD electrode actuation
scheme, multiple experiments were performed and the results
showed that the carrying efficiency of oscillating bubbles for glass
and polystyrene particles was over 95 % with minimal particle loss.

Similar operations using a smaller bubble (300 um in diameter)
were also examined using 100 pm polystyrene particles. When the
bubble moved to the left after the operations of capturing and
carrying the polystyrene particles, one particle still remained in
contact with the bubble surface without separating from it
completely because of the hydrophobicity of the polystyrene
particles, as shown in Fig. 15(b-4). It should be noted that this
problem was not observed with the glass particles and can be
eliminated by adding a small amount of surfactant to reduce the
adhesion between the bubble and the polystyrene particles.

4.3 Electrolysis-Bubble-Actuated Micropump

Microbubbles generated by electrolysis have been used in
various microfluidic applications such as a valve,”” a pump’® and an
actuator.®® Recently, Yang et al.” introduced an electrolysis-bubble-
actuated micropump that uses EWOD actuation to form an air valve
in microchannels. Figure 16 shows sequential images of microfluid
being pumped. When the 1% and 2™ EWOD electrodes were turned
on, the surface property of the electrodes changed from
hydrophobic to hydrophilic. As a result, the microchannel that
contains the EWOD electrodes was filled with microfluid. When
the 1% EWOD electrode was turned off, an air bubble was
simultaneously trapped in the EWOD electrode, and the microfluid
inside the microchannel was then transported to the right by
sequential electrolysis-bubble actuations. This pump can eliminate

the drawbacks of current mechanical pumps, such as the
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Fig. 16 Time-sequential recorded pictures. (a) The voltage
difference is applied at first and second EWOD zones. (b) The
voltage at first EWOD zone is turned off. (c) An air valve is
formed. (d) Microfluid is pumped without back flow. Reprinted
with permission” (© 2009 IEEE)
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Fig. 17 Comparison of mixing for four cases. Top and bottom
images show the initial states and the final states after 2 minutes
actuation, respectively. (a) mixing by diffusion only (case 1), (b)
mixing by an EWOD-actuated bubble without acoustic excitation
(case 2). (c) mixing by an oscillating bubble without EWOD
transportation (case 3) (d) mixing by an oscillating mobile bubble
actuated EWOD and acoustic wave (case 4). In the order from case
1 to case 4, the mixing performance becomes better. Reprinted with
permission®'

diminishing of performance and reliability caused by long-term
operation fatigue, because EWOD actuation requires no mechanical
moving parts.

4.4 Oscillating Mobile Bubble Mixer

A cavitational microstreaming flow from an oscillating bubble
is used to agitate the surrounding fluid in a small chamber in
tandem with EWOD actuation to produce bubble mobility. Liu et
al®® was the first to utilize oscillating bubbles to agitate the

Fig. 18 Sequential pictures showing that acoustically excited
oscillating bubbles can separate particles of two different sizes. (a)
With a 300 pm bubble and mixtures of 8 um and 80 um glass
particles: (a-1) Initial state; (a-2) After acoustic excitation, most of
the 80 um particles are collected near the bubble whereas the 8 pm
particles are repelled away; (b) With a 1.5 mm bubble and mixtures
of 8 um and 80 pum glass particles: (b-1) Initial state; (b-2) After
acoustic excitation, the 80 pum particles are collected around the
bubble whereas the 8 um particles are repelled away. Reprinted

with permission®

surrounding fluid to enhance the mixing process. However, the
oscillating bubbles were fixed in predetermined places and had no
mobility; therefore, a significant time was still required for the flow
agitation to propagate from the bubble to the end of the mixing
chamber.

Chung et al.®' developed a highly efficient method of fluid
mixing that uses an acoustically oscillating mobile bubble. Four
different combinations of two kinds of actuation (acoustic actuation
and EWOD actuation) were examined in terms of mixing
enhancement, as shown in Fig. 17. A series of experiments showed
that the stirring of fluid by the oscillation of mobile bubbles
significantly reduces the time it takes for the stirred fluid to reach

the end of mixing chamber, thus augmenting the mixing efficiency.

4.5 Separation and Collection of Microparticles Using
Oscillating Bubbles

Ryu et al.*> demonstrated a novel method that uses oscillating
microbubbles to separate microparticles by size and to collect them.
Figure 18 shows the separation and collection of particles of two
different sizes (80 um and 10 pum in diameter). When the bubbles
oscillate, the neighboring particles are influenced by both the
acoustic radiation (Bjerknes) force and the microstreaming flow.
However, the larger particles experience stronger radiation force
than the smaller ones. For this reason, the larger particles are
attracted to the oscillating bubbles, whereas the smaller ones follow
the streaming flow pattern and thus scatter randomly. As shown in
Fig. 18(a-2) and (b-2), after acoustic excitation is applied to the
bubbles for several seconds, the 80 um glass particles collect at the
rims of the bubbles, whereas the 8 um glass particles are scattered
away from the oscillating bubbles. It should be noted that the
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Fig. 19 A bubble of 250 um diameter is transported to the left by
EWOD and oscillated by acoustic excitation at 20 kHz (a) initial
condition (b-d) The oscillating bubble traps and carry 80 pm
particles, not 8 um particles while in lateral motion. (e-f) releasing

80 um particles. Reprinted with permission®?

particles were initially mixed and deposited around the bubbles.

Figure 19 shows the integration of this separation achieved with
EWOD. A mobile oscillating bubble can selectively trap and
separate particles. An acoustically oscillating bubble is transported
step-by-step to the left by EWOD actuation, simultaneously
trapping and carrying 80 pm particles; however, the 8 um particles
are repelled from the bubble and are scattered everywhere. As a
result, most of the 80 pum particles are collected on the left side, as
shown in Fig. 19(e-f).

4.6 Propulsion of Objects Floating on Water

EWOD can be applied to the propulsion of mini/micro-objects.
Chung et al.** developed mini/micro-boats or robots, which have no
mechanical moving parts and can swim on a water-free surface like
a water strider.®” A centimeter-sized mini-boat was fabricated
from a thin plastic foil with outer surfaces that were covered with
electrodes for EWOD actuation. By applying a voltage to the
electrodes, the boat is propelled, as shown in Fig. 20.

For linear transportation, two EWOD electrodes are attached to
both the front and rear sides of the boat. When voltages are applied
to the rear electrode, as shown by the red broken circle in Fig. 20(a),
the boat moves forward. Similarly, the activation of the front
electrode generates a reverse motion (not shown), which confirms
that EWOD actuation generates a propulsive force. For a rotational
motion, two electrodes are used: one attached to a side face and the
other to the face on the opposite side. These electrodes are
diagonally aligned to each other, as shown by the red broken circle
in Fig. 20(b). When voltages are applied to both electrodes, the boat
rotates in a clockwise direction. By combining linear and rotational
motions, a curvilinear motion was also demonstrated, as shown in
Fig. 20(c).

Fig. 20 Sequential snapshots of mini/micro-boat propulsion. The
broken circles denote activated electrodes, the broken arrows
indicate the boat path, and the solid arrows show the generated
propulsion forces. (a) Linear propulsion. When a voltage of 160 V
(1 kHz) is applied to the electrode in the boat stern, the forward
moving speed is measured at 4 mm/ s. (b) Rotation. The boat is
rotated at ~20 rpm when 140 V (1 kHz) is applied to two electrodes,
which are attached to the side faces in a diagonal arrangement. (c)
Curvilinear propulsion. The boat is propelled along a curved path
when 160 V (1 kHz) is applied to the electrode on the side face in
the boat bow and the electrode in the boat stern at the same time,

demonstrating steering capability. Reprinted with permission®
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Fig. 21 Illustration of the propulsion mechanism for the EWOD
pond skater. (1) Movement of an air bubble towards an electrode.
(2) Bubble capture. (3) Fifteen volts applied between the electrodes
changes the right electrode surface to hydrophilic, thus moving the
bubble to the left. (4) The bubble escapes from the left edge,
causing a counter-movement of the pond skater chip. The distance

moved is identified. Reprinted with permission®

The maximum measured linear propulsion speed and rotation
rate were 5 mm/s and 20 rpm, respectively. It is observed that
propulsion takes place only when AC-EWOD is applied, not DC-
EWOD. The mechanism of propulsion is that AC-EWOD produces
oscillations in the water on the surface of the EWOD electrodes and
generates streaming flows that are outgoing relative to the EWOD
electrode surface. In turn, this outgoing streaming flow pushes the
EWOD electrode. The method for this novel propulsion and



1002 / DECEMBER 2010

INTERNATIONAL JOURNAL OF PRECISION ENGINEERING AND MANUFACTURING Vol. 11, No. 6

Approaching
Transmitter coil

-; e 'y
o . & - : i3 1

XPondskater chip

Frame 1 - of (- .
' S 2

Fig. 22 Three consecutive frames (1-3) showing the pond skater
movement during the air bubble displacement driven by wireless

power transmission. Reprinted with permission®

rotation mechanism is simple yet efficient; this method can possibly
be used to propel and maneuver mini/micro-water-floating boats
and robots that can be used for water/air quality monitoring systems
or security surveillance systems for specific purposes in other
industry areas.®*%

Mita et al.% developed a silicon-based swimming robot or pond
skating device that floats on liquid surfaces through the use of
surface tension and is propelled by EWOD. Figure 21 shows the
schematics of the propulsion mechanism involved. The bubble
moves from the front to the back of the boat by EWOD actuation.
In reaction, the boat moves in the direction opposite to that of the
bubble. To develop this concept, a small device (6 x 9 mm) was
fabricated on a piece of silicon that was coated with a high
permittivity material (Ta,Os) as a dielectric layer for low-voltage
EWOD actuation, which was low enough to enable RF power
transmission to propel the object floating on water, as shown in Fig
22. While they were able to demonstrate propulsion for a short
distance using a single bubble, this method requires the continuous

creation of bubbles in order to generate continuous movement.

4.7 Propulsion of Underwater Objects
The above propulsion methods work for objects floating on
objects. The of the

micropropulsion of microrobots for underwater objects has a great
90-95

water, not underwater development
potential for applications such as drug delivery and microsurgery.
Chung et al.’® were the first to propose a novel underwater
propulsion technique that uses acoustically excited oscillating
bubbles and offered experimental proof of its functionality. Later,
Ryu et al.”’ improved this technique with a similar propulsion
technique that uses bubbles oscillated by AC-EWOD actuation. To
prove their concept of propulsion, air bubbles (300 um dia. or 1.5
mm dia.) were positioned on the surface of various underwater
objects ranging in size from a few hundred microns to centimeters.

It should be noted that the surfaces of the underwater objects had a
single EWOD electrode for the actuation of bubbles. When an AC-
EWOD signal was applied between the surfaces of the objects and
the water medium, the bubbles oscillated at the frequency of the
applied signal and generated steady streaming flows around the
bubbles. The streaming flows in turn generated forces reactive to
the objects, resulting in the propulsion of the objects. For a
rotational motion, a pair of EWOD electrodes was installed on a
centimeter-sized object. When an electrowetting signal was
transferred by wire or wirelessly to the electrodes, the object was
rotated. These results experimentally prove that oscillating bubbles
can propel underwater objects. Unlike conventional propulsion, this
technique does not require any solid moving parts and can thus
provide a simple and efficient propulsion mechanism for

microrobots that can swim inside the human body.

5. Summary

Electrowetting-on-dielectric (EWOD) is currently enjoying a
renaissance of interest and is making great contributions in many
areas from microfluidics to optics. Although most of the related
research work has been focused on droplet operations using EWOD,
EWOD can also be applied to bubbles, which could spawn a variety
of potential applications. This paper has therefore reviewed the
theoretical background and demonstrated applications of EWOD
with bubbles. The concept of bubble-based EWOD was discussed
in terms of the fundamental bubble operations, in which an on-chip
bubble can be created, transported, split, and eliminated. These
fundamental operations can then be extended to more advanced
operations that involve the mixing and pumping of fluids and
particles. Unlike droplets, bubbles can be easily oscillated by
external excitation because gaseous bubbles are quite susceptible to
external disturbances. By integrating the fundamental operations of
EWOD with acoustic excitation, new functionalities of bubbles
have been developed for the capture and separation of particles and
the propulsion of objects. In these advanced functions,
microstreaming flows and acoustic radiation forces are the key
factors that animate the physical mechanisms. The capturing/
separating function may provide new solutions to the efficient
tweezing of micro/bio-objects, and the propulsion function may
allow us to develop a remotely controlled bio/micro-robot that can
swim inside the human body. In addition to bubble oscillation, it is
expected that other modes of bubble actuation will be integrated
with EWOD operations, which may open the door to even more
interesting and useful applications in the future.
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