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University of Pittsburgh, 2013

Electrowetting-on-dielectric (EWOD) allows us to control wettability of droplets on a solid
surface using electrical inputs and has been used in a wide range of applications including
microfluidics, optical displays, lenses, and others. To date, however, they all have been powered
in wired connections, limiting their further employments in hard-to-reach area particularly for
implantable EWOD devices. One way to deal with the presented issue, a wireless EWOD system
is studied and developed.

Due to compatibility of EWOD with AC (less than 1 kHz), a wireless powering as
prompt method is achieved by a magnetic induction which essentially utilizes AC signal. The
wireless powering with droplets actuation is verified in both using spool-type coils and planar
coils. In the spool-type wireless EWOD study, the induced voltage at the receiver is much higher
(~390 V) than typically required EWOD voltages (at least >50 V), which is sufficient to actuate
the droplets. For reliable wireless EWOD actuation, the voltage induction has to be higher than
the conventional EWOD while the current does not have to be necessarily high. Since the voltage
induction is proportional to the transmission frequency, a higher voltage can be obtained by
increasing the transmission frequency. However, if the transmission frequency is too high, the
actuation of droplets might be limited. For an efficient EWOD actuation even at such a high
transmission frequency, the system might need to be incorporated with an external demodulation
circuit. This issue is addressed in the planar wireless EWOD system in which the powering
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devices and EWOD electrodes are integrated by standard photolithography process. To oscillate
droplets while in lateral actuation irrespective of the coil type, amplitude modulation (AM)
technique is applied to the wirelessly transmitted signal. Droplet oscillations are often introduced
in many applications and beneficial to reduce the contact angle hysteresis. Eventually, by
employing the compact wireless EWOD system into particle collecting and mini-boat propulsion,
the unnecessary and cumbersome wire connections between the device components are
significantly reduced, and more convenient and flexible EWOD operation is achieved with less

constraint of the space and equipment.
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1.0 INTRODUCTION

Microfluidics deals with the precise control and manipulation of micro or even nano scale
volumes of fluids. Especially, droplet-based microfluidics (sometimes referred to as digital
microfluidics) in which a form of individual droplet is a basic fluid handling unit as opposed to
in continuous channel flow streams, has attracted increasing attention to many researchers over
the past few decades from the area of the ‘lab-on-a-chip’ systems for DNA and protein analysis,
and biomedical diagnostics [1-4] due to its simple geometrical structure, easy operation with
real-time analysis and disposability. In droplet-based microfluidics, single or multiple droplets in
contact with dielectric layer are created, transported, mixed, and analyzed [5, 6] by applying DC
or AC voltage across the electrodes underneath the dielectric. Droplets can be manipulated in
various device geometries such that droplets are squeezed between two electrode plates (covered
EWOD system) or placed on a single array of electrodes while in contact with air (open EWOD
system) [4, 7, 8]. Such simplicity and versatility of EWOD can be possibly applied to a wide
range of applications including optical devices such as displays [9] and liquid micro lens [10],
biomedical devices such as lab-on-a-chip systems [2, 11, 12], and so on.

When the electric potential is applied across the dielectric layer, droplets tend to spread
over the horizontal solid surface while the apparent contact angle at the interface (between the
droplet and dielectric layer) is decreased. This change of contact angle by applying potential is

well known phenomenon called electrowetting-on-dielectric (EWOD) or electrowetting [8, 13,



14]. Although droplet-based microfluidics with advances in EWOD comes into play over the
extensive area prominently, there still remain several challenging tasks to be accomplished. In
EWOD, as it states, the electric potential has to be applied for droplet manipulation, and most of
studies have been conducted under static consideration (DC applied voltage) or low AC signal
(less than 1 kHz) via a wired connection, which might limit the further applications where the
wireless powering and remote control with freedom of movement is inevitably necessary (e.g.,
implantable passive EWOD device for drug delivery, capsule endoscope and water floating or
submarine EWOD device).

There has been wireless EWOD report by Mita et al. [15] using commercial spool-type
coils as opposed to the conventional powering method. In their study, they demonstrated that a
wireless powering could be applied to a floating EWOD device to produce movement. However,
the driving voltage is ~15 V (RF power transmission), which is not suitable for full droplet
actuation. Generally, the voltages needed for EWOD actuations are typically very high while the
current is very low, although some lower voltages have been reported [16, 17]. Simultaneously,
there have been driving forces to develop a miniaturized and integrated EWOD devices that will
allow reduced consumption of samples, shorter analysis times, and portability for biological or
medical applications [18-20]. With aid of microfabrication techniques, such as photolithography
process, that are originally from the semiconductor industry, it became possible to fabricate the
integrated EWOD devices and perform more complex analysis. To our best knowledge, however,
the effort of making transition from EWOD components to compact wireless EWOD device has
not been intensively made yet, which will provide much simple and liberal operation of EWOD.
In this regards, this study is stimulated to realize EWOD to be functional with wirelessly

transmitted electric signal.



To achieve the motivated ideas, the main objective is divided into several sub-topics.
Firstly, preliminary but important study of AC electrowetting in a wired powering is performed
and investigated. In AC electrowetting study, voltage division of the EWOD is studied by
introducing an electrical circuit model. Secondly, in-depth study of amplitude modulation (AM)
technique with simple demodulating circuit is also provided and investigated to suggest an
efficient way to increase the span of contact angle and oscillation at the contact line. Thirdly, in
order to demonstrate successful droplet’s lateral transportation (which is essentially required for
further application) via wireless powering, spool-type homemade coils is introduced. The voltage
required for EWOD operation is achieved by magnetic induction. To oscillate the droplet while
in transportation, and thus mitigate adverse effects of friction (contact angle hysteresis), AM
scheme is also employed and applied to the wirelessly transmitted signal. Fourthly, after the
verification of the wireless EWOD operation via spool-type coils, a planar coil with EWOD
array electrodes on a single chip are provided on printed circuit board (PCB). By employing a
demodulation circuit, droplet’s lateral transportation while in oscillation is demonstrated. Finally,
the planar wireless powering is further applied for the particle collection and mini-boat
propulsion operated by EWOD principle. The presented wireless powering with EWOD will
contribute to the area where the remote control via wireless powering is essentially required for

fluid operations by simple design and fabrication.



2.0 BACKGROUND

2.1 ELECTROWETTING-ON-DIELECTRIC (EWQOD)

2.1.1 Principle of EWOD

Electrocapillarity, the foundation of electrowetting, was first recognized over a hundred years
ago by Gabriel Lippmann [21]. In electrowetting, one is generically dealing with droplets of
partially wetting liquids on planar solid substrates [22, 23]. With electrowetting a voltage is used
to modify the wetting properties of a solid material. A thin dielectric layer to overcome intrinsic
obstacle such as electrolytic decomposition of droplets upon applied voltages was developed by
Berge [24, 25]. This is the concept that has become known as EWOD. The most basic form of a
modern electrowetting structure consists of a sessile droplet, planar dielectric, a planar substrate,
and DC voltage source as illustrated in Fig. 1(a).

Electrowetting deals with the use of an externally applied electric field to actuate or
manipulate tiny volumes of liquid droplet by modifying solid/liquid interfacial tension and hence
the apparent (macroscopic) contact angle. Especially, advances in EWOD technology combined
with droplet-based microfluidics have become one of the most efficient methods for driving

single or multiple droplets [1, 7].
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Figure 1. Principle of electrowetting on dielectric. (a) Typical configuration of EWOD. (b) Photo of a sessile
droplet under no poetetial (hydrophobic). (c) Photo of a sessile droplet under electirc potential (hydrophilic, 5 pl of

volume).

An example of such modified wettability is illustrated in the photos of Fig. 1(b) and (c).
The photo in (b) shows a sessile droplet on a hydrophobic surface. In this stage, the water droplet
is not favorable to be in contact with the surface and therefore minimizes the contact area. The
droplet spreads and the wettability over the surface increases strongly, when a potential
difference is applied between the electrode in the water droplet and electrode present underneath
the hydrophobic dielectric layer as shown in the photo (c). When the voltage is removed, the
droplet returns to the original stage as indicated in Fig. 1(b). With proper selection of dielectric
materials relatively large and reversible contact angle changes could be achieved [26, 27].

EWOD can be described in the following Lippmann-Young equation [14].



Cos @ =cos b, + V2 (1)

2y
where 6, is the initial contact angle when the applied voltage V to the dielectric layer is zero, 0 is
the modulated contact angle, ¢ is the specific capacitance (F/m?) of the dielectric layer, and y.g is
the interfacial tension between air and water (~0.072 N/m). Note that ¢ = g.eq/t Where &, is the
permittivity of free space (8.85419x10™2 F/m), &q is the dielectric constant of the dielectric layer,
and t is the thickness of the dielectric layer.

According to Lippmann-Young equation, the change of contact angle is a consequence of
the electrostatic energy induced and stored in the capacitor formed by the droplet, dielectric layer
and electrode system. In droplet-based capacitor configuration, fringe effected usually are
neglected, thus all the electrostatic energy is stored in a plate capacitor (dielectric layer) formed
by droplet base area and electrode [28]. Since the change in the cosine of the contact angle is
directly proportional to the applied voltage, advancing and receding of the droplet can be

actively made and controlled.

a b
@ Droplet ®) Droplet

Ambient

4

_ <— Electrode —> _
No potential Voltage applied

Figure 2. Diagrams of electrowetting basics in microscopic scale. Young’s contact angle 6, under no potential (a)
and contact angle when potential applied (b). While electromechanical force is acting toward ambient from droplet,

the Young’s contact angle 6, remains same.



Contact angle is referred as an apparent contact angle or macroscopic contact angle [29,
30]. As shown in Fig. 2, the induced charge stored under applied voltage near the contact line
will provide an electric field with a partial component in parallel with solid/liquid interface
direction. Application of voltage therefore results in a horizontal electromechanical force per unit
length (N/m) that is directed from the water droplet toward the ambient. This electromechanical
force results in the contact angle decreases (0) to a new value of VV macroscopically. However,
the microscopic or local contact angle (6,) remains same [28, 31]. The transition between 6, and

the macroscopic contact angle & occurs over a distance comparable to the dielectric thickness of t.

2.1.2 Wetting Property of Droplet

2.1.2.1 Shape of Droplet

The importance of droplets in microfluidics is obvious particularly in the presence of the
capillarity and surface tension effects. More often than not, it is easily observed that relatively
large droplets on surfaces take a flattened shape, whereas small droplets take a spherical shape.
This simple observation give rise to fundamental questions particularly when one makes an
effort to understand droplets physic.

There are two common forces acting on droplets by which droplets can take two different
shapes. If the surface tension solely acts on the droplet, droplets will take a spherical shape,
however on the other hands, droplets will take a flattened shape under force balance between
gravity and surface tension [32, 33]. This shape transition can be better understood by the scale
length or capillary length |. The capillary length is defined by the ratio between the Laplace

pressure and the hydrostatic pressure as given in Eqgn. (2) [34].
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where p is the surface tension, p the density, and g the gravitational constant. The capillary

length | then can be found when the Laplace and hydrostatic pressure reaches same order, that is,

| ~ [-L- 3)

where | is the capillary length. This capillary length is useful to determine whether the droplet
takes a spherical or flattened shape [34]. For example, the region where a dimension of the
droplet is smaller than the capillary length, the droplet will have a shape resembling that of a
spherical cap, whereas the droplet shape is flattened by gravity when a dimension of the droplet
is larger than the capillary length.

In addition, a dimensionless number known as the Bond number can be also derived from
the capillary length | given in Egn. (3) yielding a similar meaning. The Bond number is

expressed by

2
B, ~ pgyR @)

where R is the radius of the droplet [32]. This dimensionless number also gives meaningful
prediction. If B, is smaller than unity, which implies that the surface tension is dominant, then
the droplet takes a spherical shape, other else the gravitational force flattens the droplet on the

surface. The capillary length typically is ~2 mm for most liquids.



2.1.2.2 Droplet on Rough and Inhomogeneous Surface

Unlike ideal surfaces in which Young’s equation is derived, in reality, surface contains a lot of
imperfections such as defects like particles, chemical residues and so on [35-37]. Even carefully
micro-fabricated EWOD electrodes might have somehow surface imperfections [38]. Such
surface imperfections result in textured surface (roughness: vertical deviation over the projected
surface). Wenzel and Cassie models (illustrated in Fig. 3) are the well-known main models that
describe the wetting property of the droplet on rough surfaces [36]. One can imagine that the
rough surface can have two different conditions, one is homogeneous and the other one is

inhomogeneous.

(a) (b)

Wenzel state Cassie state

Figure 3. Droplet sitting on a rough surface (a) Wenzel state and (b) Cassie state

The Wenzel model explains the homogeneous conditions having roughness parameter r
(r always greater than 1 by definition). In Wenzel state as illustrated in Fig. 3 (a), the droplet fills
the trenches below the liquid and thus occupies more surface area [32, 36, 37]. According to the
Wenzel's equation in the presence of roughness r, the contact angle 6* is a function of Young’s

contact angle & multiplied by parameter r.



cos&*=rcoséd (5)

The roughness will decrease the Wenzel’s contact angle 6* when the apparent Young’s
angle @ is under 90° whereas will increase 6* when the 6* is over 90°. Thus, the increased
roughness will amplify both hydrophilicity and hydrophobicity [32]. Figure 4 shows the droplet
sitting on the ideal (a) and rough surface (b) respectively. For the hydrophilic wetting (top in Fig.
4), the contact angle in the presence of the roughness is smaller than Young’s angle, while the
contact angle is larger than Young’s angle for hydrophobic wetting as illustrated in Fig. 4 bottom.
However, these equations only apply when the drop size is sufficiently large compared with the

surface roughness scale [32].

(a) (b)
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Figure 4. Contact of droplet on an ideally flat surface (a) and a rough surface (b).

In the Cassie model as illustrated in Fig. 3(b), the droplet sits on the surface without
filling the trenches left air pocket below the droplet [32, 36, 37]. The surface area occupied by

the droplet is less than it would be on the flat surface or the rough surface in the Wenzel state. In
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the Cassie state, a different set of equations are used to define this condition. The contact angle

in the Cassie state is given as [32, 36],

cos® =) f,cosé, (6)
where i denote the different chemical components of the surfaces. This is known as the Cassie—
Baxter relation [32]. The Cassie—Baxter relation shows that the contact angle of the droplet
sitting on a microscopically inhomogeneous surface is the summation of the cosine of the contact
angles on the different chemical components of the surface. Since the Cassie—Baxter relation
explains a chemically inhomogeneous surface (i.e. micro-fabricated surface coated with thin
chemical layer), the wetting properties are not those that were intended, thus the wetting

properties are then modified according to this relation.

2.1.3 EWOD Actuation

The concept of EWOD that is based on the modulation of surface tension is an attractive method
for droplet actuation since surface tension is dominant in the micro range. An electric potential
applied to the local area of the droplet base (not to the entire base area of the droplet) generates
an asymmetric force balance (gradient of wettability) with interfacial tensions, whereby the
droplet can be transported laterally [39]. This is the principle of the electrowetting based micro-
actuation.

Typical micro droplet actuation system by EWOD is illustrated in Fig. 5 [34]. The droplet
(typically less than few mm in diameter) surrounded by air or other immiscible liquid (e.g.,
silicone oil) is squeezed between the top and bottom plates. The top plate usually consists of a

single and transparent ground electrode, while the bottom plate consists of an array of discrete
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addressable EWOD electrodes. The optimal EWOD electrode and droplet size can be determined
for which a droplet sitting on in the center of one electrode slightly covers all adjacent electrodes

[4]. Both plates contacting the droplet are coated by a hydrophobic material (typically Teflon or

Cytop).
(2) Ground electrode (6)
ITO Glass Top
*
Dielectric [ M T W S
Substrate‘\ / Bottom

EWOD control electrodes

Figure 5. (a) Cross section view of typical EWOD actuation configuration. (b) The next adjacent control electrode

activation to move the droplet by EWOD principle.

As illustrated in Fig. 5(b), when a voltage is applied to the bottom electrode (red colored
electrode in the figure) overlapping a portion of the droplet and hydrophobic interface, the
electromechanical force acting on the contact line enables for the droplet to move and re-arrange
with the charged electrode. By step by step electrode activation, a droplet can be transported
between two adjacent arrays of electrodes [4, 5, 7]. Electrowetting driven droplet actuation can
usually be achieved by more than 40° variation of contact angle change [40]. Ohmic losses are
possibly prevented due to the insulating layer from the liquid [41]. Since the droplet motion is

essentially governed by surface tension forces and Young's contact angle at the liquid/solid

interface, the size of the EWOD electrodes is the important factor to control the droplet motion
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and manipulation. Usually, when the size of the electrodes is reduced, the size effect of the

EWOD electrodes will be acting even more.

Oscillloscope

Light

Power amplifier

Function generator

AVR Microcontroller Relay

Figure 6. The typical equipment for EWOD (droplet) actuation.

When we are considering the droplet in motion, however, the electrowetting always
exhibits the contact angle hysteresis at the contact line [42-44]. When the applied voltage is
increased, a droplet tends to spread over the area. This situation gives rise to an advancing
contact angle. In contrast, when the voltage is decreased, the droplet tends to recover its original
(equilibrium) shape by reducing the contact area. This situation also give rise to a receding
contact angle. By experimental observations, it is consistently observed that the advancing
contact angle is always larger than the receding contact angle for a given electrowetting voltage
[45, 46]. Thus, the conact angle difference between the advancing and receding situation can be
defined as the conatact angle hysteresis in electrowetting [46]. The typical hysterisis angle for DI

water surrounded by silicone oil is around 1.5° to 2° while the hysteresis DI water surrounded by
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air has a much larger hysteresis angle of between 7° and 9° [42]. Therefore, contact

anglehysteresis can have an important effect on droplet in motion and manipulation by

electrowetting [43].
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Figure 7. Droplet sitting on the electrodes.

In the presence of the hysteresis, the minimum required voltage for the droplet actuation

can be calculated by considering the contact of droplet on the EWOD electrodes as sketched in

Fig. 7. The capillary force acting on x-direction is given

F, =dy(cos@—cosd,). (7)

By considering the contact angle hysteresis (a) into Eqgn. (7), the advancing and receding

capillary forces are given as below.

F/ =dy(cos 8+ )

F} =-dy(cos8, —a). (8)
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This equation can be re-arranged under the assumption that the contact angle hysteresis () is

small compared to Young’s value (6 and 6,).

FA = dy[cos 8 — a(cos 0 +sin 6)]

9
F} =—dy[cos 6, —a(cos 8, —sin6,)]. ¥

Then the total capillary force acting on x-direction is

F, =dy[cos @ —cos 8,]—dya[cos @ +sin@—cos G, +sind.].  (10)
By plugging the first term on the right hand side in Egn. (10) into the Lippmann-Young equation

and by the limited condition for minimum displacement of droplet, the relation can be written as

%CVZ—d;/a[cos6’+sin6’—cos6’o+sin¢90]>0. (12)

By re-arranging the Eqgn. (11), it can be obtained that

2
Vmi n

:Qa[coséwsin @ —cosé, +sind,]. (12)
c

Finally, Eqn. (12) can be simplified by

V.~ [7%SNG (13)
C

As it can be seen by Egn. (13), the contact angle hysteresis («) is responsible for the minimum or
threshold potential. In addition, a large capacitance, a low droplet surface tension, a large

Young’s angle can minimize the value of the voltage required to move droplets. In the absence
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of contact angle hysteresis, the droplet would be able to move under the smallest of applied

voltages.
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2.2  WIRELESS POWERING

Historically, wireless powering traces back to Tesla’s famous experiment [47] in which a 142-
foot-tall, 12-million-volt electric coil in Colorado Springs transmitted electricity wirelessly
across 25 miles and illuminated 200 lamps with the charge. Recently, Marin Soljacic [48]
reported a remarkable wireless powering experiment. In the experiment, resonant coupling, for
which the transmitting and receiving coils were tuned and resonated at the same frequency, sent
wireless electricity across a room to light a 60-watt bulb over distances 2 meters with ~40%
efficiency. The efficiency was much higher than Tesla’s. This experiment promoted the notion of
wireless powering, which is currently a hot research area.

The wireless powering technique can be divided into two main modes by the wave
characteristics of an electromagnetic (EM) field [49-51]. The EM sources such as oscillating
charge, antenna or coil can generate EM wave into space or media. The EM wave contains both a
reactive and a radiating characteristic depending on the distance from the source. The boundary
of these two modes is usually described by the wavelength 4 of the source EM from the circuit
[52, 53].

The reactive mode is generally regarded as in the region where the wavelength 1 of the
EM source is divided by 2m. Due to its close distance from the source, this region is often
referred to as a near-field region. In this region, the EM source of a system only interchanges its
energy with a load when it is needed, and does not radiate energy when not needed. Beyond the
reactive and transition mode, (the transition mode is usually accepted a range after the reactive
mode up to the region of 27), the radiating mode is extended from 24 out to infinite space. Thus,
this region is referred to as a far-field region. In this region, the system's energy propagates and

transfers by the omni-directional radiation into the media [53]. In near-field region, EM field
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generally decays with 1/r* (where r is the average distance from the source), while decays with
1/r in the far-field region [53, 54]. Thus, if a certain operating frequency is selected far from the

source, the radiating mode is more dominant due to the rapid decay of the reactive mode.

2.2.1 Magnetic Induction

An efficient wireless powering for EWOD can be accomplished by magnetic induction which
essentially uses AC for power transmission and relies on non-radiative mode. Since AC
frequency (typically less than 1 kHz) is usually employed for EWOD operation, AC depending
magnetic induction is suitable technique to be introduced for wireless powering method for
EWOD.

In this method, a power is efficiently transmitted when the receiver coil is close to the
transmitter coil. The idea of magnetic induction is based on electromagnetism that interchanges
energy from one coil to another [55], which is known as Faraday’s law of electromagnetic
induction [56]. The alternating current flow through the primary or transmitter coil (coil 1 in Fig.
8) creates a magnetic flux, which then induces a voltage in the secondary or receiver coil (coil 2
in Fig. 8). The current I, sets up the magnetic flux through the secondary coil when the
secondary coil is placed in the magnetic field produced by the primary coil. If this flux is
changed by the changing the current 1, voltage drop (induction) appears between its terminals
[57]. This voltage can be used to power a EWOD device.

The set-up for wireless powering is very similar to that of the transformer. However, the
main difference is that there exists an air gap between the primary and secondary coils. The
magnetic induction has been widely used for all kinds of electronic devices because it is simple,
efficient, and safe.
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Figure 8. A schematic of wireless powering using inductive coupling. The transmitter (coil 1) carrying current I,

induces an electromotive force in the receiver (coil 2). N; and N, denote the number of turns of each coil.

The attainable electromotive force (EMF) or voltage in the secondary coil strongly
depends on the geometrical properties including Ni, N2 (number of turns of each coils) and the
size of coils (D; and D). The electromotive force (EMF) &; measured in volts in the secondary

coil with the carrying current I, in the primary coil is given by [56, 58]

do dl
g, =—N, —2L__M L
2 2 dt dt

(14)

where ¢,; denotes the magnetic flux (Whb) per turn in the secondary coil generated by current I,
in the primary coil and M is the mutual inductance (H). According to Egn. (14), the change in the
magnetic flux in coil 2 over the time is proportional to the time rate of change of the current in
coil 1. This implies when the frequency of the flux is increased, the induced voltage in coil 2 will
be also increased. It is obvious that high voltage induction can be achieved by selecting high

transmission frequency.
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The efficiency in magnetic induction depends on several parameters such as the coupling
coefficient k and coil’s quality factor Q [59, 60]. The coupling coefficient is determined by
geometrical factors, such as the separation distance (z in Fig. 8) between the coils (transmitter
and receiver coils) and the relative coil size D; and D,. The coupling can be further determined
by the shape of the coils and the angle between them [59]. If the receiver coil is at a proximity
distance to the transmitter coil, a fraction of the magnetic flux, which is generated by the
transmitter coil, links to the receiver coil and contributes to the power transmission. The more
flux links to the receiver coil, the better the coils are coupled. The definition of the coupling

coefficient k is given by,

(15)

where M is the mutual inductance, L; and L, are the inductance of each coil. The coupling
coefficient k can have a value between 0 and 1. For ideally perfect coupling where k = 1, all
magnetic flux generated link to the receiver coil without leak flux, while k = 0, when transmitter
and receiver coils are not mutually interact each other, results in no magnetic flux links.

The inductance of coil can be defined in several ways. A popular definition of inductance

is made by considering the magnetic flux that is given by [58],

L =it (16)

Il
where L, is the inductance (H), 11 is the current (A), ¢, is the magnetic flux (Wb), and N is the
number of winding turns of coil 1 (same for the coil 2). The flux produced by current in a coil

(and thus the inductance of the coil) can be further increased by winding the coil around a
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magnetic material. By similar way, the mutual inductances My;and Mj,, which describes the

magnetic coupling between two coils, can be defined by:

_ N1¢21 — M _ N2¢12 — M (17)

M

21

IZ 1

Figure 9. Magnetically coupled two coils.

For the magnetically coupled coils in Fig. 9, the currents 1;and I, produce magnetic flux
in each coils, where ¢1; is the flux only at coil 1 produced by the current I1, ¢1, is the flux
produced by the current I, that links both coils, ¢, is the flux only at coil 2 by the current I,, and
¢21 is the flux produced by the current I, that links both coils. The mutual inductance M is
positive when the currents in the each coils flow in the same direction, and vice versa [61]. In
practice, since not all of the flux produced links every turn of the coil, the fluxes usually refer to
the effective fluxes.

Another parameter Q (quality factor) can be defined by the ratio of power stored in the
coil to the power losses in the coil. For a coil having inductance L and resistance R at given

frequency w (=2nf), the quality factor Q of a coil is given by [62],
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Q=" (18)

According to above definition, the quality factor Q can have a value between 0 and infinity.
Achieving high quality factor is important especially in high frequency operating range (i.e. RF
~MHz) since Q is directly related to the loss of power. If total coil length increases to obtain high
inductance, it also gives rise to the resistive loss and thus decreases the coil quality factor.

It is expected that the skin depth (&) also plays role as the frequency increases. The skin

depth can be defined to as [63]

2
O = _'0 (19)
wu

where @ is the angular frequency, p is the resistivity of the conductor and p is the absolute
magnetic permeability. As the frequency increases, the skin depth decreases, which implies that
the effective area of the conductor is also decreased as illustrated in Fig. 10 and results in
increased resistance of the conductor at given frequency. Once the conductor material and
operating frequency are selected, the skin depth can be easily calculated. The skin depth of Cu

with the frequency is listed in Table 1.
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Figure 10. A schematic of skin depth effect. As frequency increases, the effective area of the conductor decreases

resulting in increased effective resistane.

Table 1. Calculated skin depth of Cu wire over frequency.

Frequency Skin depth § [um]
60 Hz 8470
10 kHz 660
100 kHz 210
1 MHz 66
10 MHz 21

Another way to enhance the efficiency of the wireless powering can be achieved when
the transmitter and the receiver coils are tuned at the same frequency by adding charge storage
devices in both sides such as capacitors [23, 24], while interacting weakly with other off-tuned
frequency. The method is based on the resonant coupling of two circuits (the fact that two same-
frequency resonant objects tend to be coupled), and, in particular, resonant evanescent coupling
(where the coupling mechanism is mediated through the overlap of the non-radiative near-fields
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of the two objects). This well-known physics leads to the result that energy can be efficiently
coupled between objects in the extremely near field (e.g. within the distance < A/2m) [53, 54].

The resonant frequency of L-C circuit is given by

fo= 1
o = i IC (20)

where L is the inductance (H) and C is the capacitance (F). The resonant power transmission is a

special but widely used method for efficient wireless non-radiative mid-range (~few m to 10 m)

energy transfer [48, 52].

2.2.2  Wireless Powering Devices

2.2.2.1 Coil Design Consideration
In this study, two types of wireless powering devices are employed and designed. One is a spool-
type homemade coil and the other one is a planar coil fabricated on printed circuit board (PCB)
by photolithography process. Since the spool-type coil is easy with the inductance control by
changing number of winding-turns and has no physical size limit, it is good to start with this type
of coil as a preliminary wireless powering study. Whereas it is frequently appeared in modern
EWOD structure, most of droplet-based EWOD devices have a planar structure for the droplet
transportation along the discrete electrodes. For the planar coil, therefore, the EWOD device can
be possibly integrated with the planar coils on PCB simultaneously since the fabrication process
for both devices are compatible with the standard photolithography.

Regardless of the coil type employed in this study, in EWOD operation point of view, the

attainable induction voltage across the dielectric layer in the EWOD which is placed at the
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receiver has to be high (at least > 50 V). At the same time, in the transmission frequency point of
view, the higher transmission frequency is favorable to attain a higher induction voltage at the
receiver. More importantly, however, the major portion of the induction voltage at the receiver
should be applied to the dielectric layer to guarantee a significant change in the contact angle of
the droplet. Therefore, it is important for reliable EWOD operation that the transmission

frequency needs to be comprised with the EWOD operational voltage.

2.2.2.2 Spool-type Coil

EWOD works with AC frequency (less than 1 kHz), however, it is not clear yet whether
wirelessly operated EWOD beyond upper AC frequency limit would be successfully working or
not. In this regard, a type of coil easy with the inductance control (accordingly easy control of
the transmission frequency) is suitable to be adopted as an initial wireless EWOD study.

Usually, the transmitter coil has less criterions limits in many applications as opposed to
the receiver coil, as far as the current change upon the polarity change is rapid and the magnetic
flux can be efficiently linked to the receiver coil [56]. The efficiency of magnetic flux links
strongly depends on the geometrical parameters of coil such as size or distance between two
coils. In order not to lose the magnetic flux into media for a better magnetic coupling between
two coils, a comparable size of each coil would be preferred. In addition, if a magnetic material
such as ferrite is placed in a magnetic field, the magnetic flux lines will be re-oriented through
the magnetic material due to its high permeability resulting in high flux density [64].

Cu (250 um in diameter) wire covered by insulating polymer (250 pm) is employed for
both transmitter and receiver coils. The inner diameter of the coils is 2.3 cm having a cylindrical
shape. The transmitter coil has 25 winding-turns around a ring shaped air-core ferrite and

measured inductance is 0.055 mH. The receiver coil has 250 winding-turns around an air core
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without ferrite and measured inductance is 2.93 mH. Figure 11 shows a photo of the homemade

spool-type coils.

Figure 11. Homemade spool-type coils. (a) Receiver coil having 250 winding-turns, (b) Receiver coil on the top of

the transmitter coil having 25 winding-turns.

2.2.2.3 Planar Coils on PCB

The design of the planar coil on PCB is restricted by its dimension (7x6.5 cm?) which possibly
drives the transmission frequency higher than that of the spool-type coils. Although higher
transmission frequency will reduce component value and size, losses will also increase due to
skin depth effect.

Accuracy in designing a planar coil is important because it is difficult to modify the
inductance once it is built on the PCB. Numerous research works have been carried out to
fabricate and integrate high Q coils on silicon [65-67]. However, these integrated coils on silicon
have some substantial disadvantages such as large silicon area consumption, high substrate loss,
and high DC resistance (several ohms) [68]. Instead, using PCB has several advantages such as
the low cost and simple fabrication. Since the board substrate is nearly perfect dielectric, the

resistive losses in conductors as well as dielectrics are reasonably ignored. More importantly,

26



planar coils and EWOD device can be simultaneously fabricated on the PCB by the standard
MEMS fabrication process due to its compatibility with the photolithography process.
The inductance of planar type coil can be roughly estimated by using Wheeler’s equation

[69]. For rectangular (or square) shape of coil, the inductance can be estimated as below,

L Kt dag 1)
1+K,p

where K;=2.34, K,=2.75 (coil shape depending coefficients), n is the number of turns. da,g and p

(fill ratio) are also given as,
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Figure 12. Rectangular planar coil having the line width of w=70 um and line spacing of s= 0 pm. d;;=1.38 cm

douw=36 cm for 42 winding-turns of planar coil.
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The rectangular shape having different number of winding-turns (20, 42 and 50) are
designed while the line width (w) and line spacing (s) are same regardless of winding-turns. For
the coil 42 winding-turns having the initial dimensions of 80 um line width (w) and 40 um line
spacing (s) with 15 pum Cu thickness as illustrated in Fig. 13(a), the calculated inductance by
using the Eqgn. (21) is ~54 puH whereas the measured inductance is ~30 uH. The range of the
inductance is several orders of magnitude smaller than that of spool-type coils implying that the
transmission frequency should be increased to obtain high voltage induction at the receiver.

The discrepancy in final dimension is also observed due to the under-cut after wet-
etching. As it appears in the microscope image (Fig. 13(b)), the final dimensions after the wet-
etching are altered by approximately 30 um (comparable to Cu thickness 2x) reduction in line

width while increase 30 um in line spacing compared to the initial dimensions.

(a) (b)

240 um

Figure 13. (a) Schematic of planar coil on PCB with 80 um of the coil width and 40 um of coil spacing. The copper
thickness is ~15 pm and the board thickness is 1.5 mm. (b) Photo of micro-fabricated planar coil on PCB having

~50 pum of the coil width and ~70 pm of coil spacing after etching.

28



23 ACEWOD

2.3.1 Droplet Oscillation

EWOD can be performed by AC voltage as well as by DC (AC is limited to pure sine wave
unless otherwise specifically stated). The distinct feature is that the droplet oscillates when the
AC voltage is applied in electrowetting. In a mechanical standpoint of view, below ay; (critical
frequency), the droplet oscillates in harmony with the AC frequency whereas above ax; droplet
oscillation cannot follow the applied frequency. The oscillation is mainly from the time varying
electrical force acting on the three-phase contact line [70]. The shape of the droplet varies
corresponding to the magnitude of the applied field as illustrated in Fig. 14. Since the droplet is
subjected to the time varying force periodically, the manner of the shape deformation would be
synchronized with the frequency of the applied field. Typically, the critical frequency of a

millimeter-sized water droplet is in the range of a few kHz [44].

1 Hz 10 Hz 100 Hz 1 kHz

Figure 14. Instantaneous shapes of 5 pl DI water droplets oscillation at 80 V by changing the frequency.

In particular, the application of AC (less than 1 kHz) voltage to EWOD is beneficial to
overcome the contact angle hysteresis. It was recently found by Mugele et al. that AC voltage

reduces the contact angle hysteresis experienced by a droplet in electrowetting [71]. According
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to their study, contact angle hysteresis is a major obstacle for the droplet movement on rough
solid surfaces, and the contact angle hysteresis for sessile droplet in electrowetting can be almost
disappeared with increasing alternating voltage.

The scheme of droplet’s oscillation while in lateral transportation is illustrated in Fig. 15.
The droplets are sitting on two different surface conditions. One is an ideal surface (a) and the
other one rough surface (b) is vertically deviated from the flat surface. Since the ideal surface is
flat, perfectly smooth, and chemically homogeneous, the droplet can move without experiencing
the friction while in lateral motion. However, since it is expected that the chemical
inhomogeneity and topographical roughness on the real surface, it would be much easier for the

droplet to move with the oscillation on the rough surface.

(a) (b)

Figure 15. Liquid droplet’s lateral transportation. (a) Ideally flat surface. (b) Rough surface with oscillation.

2.3.2 EWOD Circuit Model

In general, AC EWOD with the droplet shows two main modes: below the critical frequency ax;i,
the droplet oscillates in harmony with the AC frequency without any lag while above the critical
frequency, droplet oscillation cannot follow the applied frequency and the contact angle changes

and stays at the similar angle occurring at the equivalent DC voltage [44]. In the meantime,
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another frequency called the cut-off frequency @, can be defined in an electrical stand point of
view [41]: far below which an liquid droplet acts as a conductor but above which the droplet acts
as an electric insulator. In general, every component in the EWOD can be approximated and

modeled by a resistor and capacitor, as sketched in Fig. 16.
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Figure 16. EWOD equivalent circuit diagram for a droplet sitting on an insulator-covered electrode. Ry, is dominant
at low frequency range, while C,, is dominat at high frequency range. Vi(t) is overall applied voltage to EWOD. V,,

and Vg4 denote voltage division of each component droplet and dielectric layer respectively.

EWOD with droplet is mainly divided into two components by the droplet and dielectric
layer, which is connected in series. The electrical characteristics of the EWOD with droplet can
be described by an equivalent R-C circuit model [72-74], where R,, and C,, denote electrical
resistance and capacitance of the droplet and Cy4 denotes the effective capacitance of the

dielectric layer. Below the hydrodynamic response limit of the droplet (e.g., low frequency or
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DC) over the applied frequency, the electrical property of the droplet can be expressed by a
single resistor, that is, a current pathway in serial connection with the dielectric layer, while it
can be expressed by a pure single capacitor above the hydrodynamic response limit (e.g., high
frequency) [71, 76-78]. Since the droplet is typically several orders of magnitude more
conductive than the dielectric layers (Teflon and parylene layers), resistances of the dielectric
layers are considered infinite.

There are several contributions to the droplet capacitance. For instance, the Teflon coated
tip that is immersed into the droplet at the top, the electrical double layer formed at solid/liquid
interface and droplet itself (analyte) can act as a capacitor [72, 73]. In most cases, however, the
effect of the double layer is neglected due to its extremely small thickness compared to the
dielectric layer thickness [75]. In order for the R-C model to be useful at least within our
consideration, the electrical model has to be limited within the region where R,, and C,, are
nearly independent of the frequency [76] (e.g. DC or low frequency) and below the contact angle
saturation.

Unlike the difficulty to find the capacitance value of water droplet under limited
condition (resistance is also hard to directly measure due to geometrical dependence of the Ry,
value), the capacitance of dielectric layer can be more easily estimated by considering droplet’s
base area formed at the solid/liquid interface. The base radius of the sessile depending on the

contact angle 6 is given as

341 sin@
R=(—)° 3 13
7~ (2—3cos@+cos’ )

(23)

where A is the volume of the droplet and 4 is the contact angle of the droplet [77]. Since the

contact angle and droplet volume can be measured, the base area of the droplet can be easily
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calculated. For 5 pl droplet, the base radius and corresponding area are listed in Table 2 at

different contact angles.

Table 2. The base radius and base area of 5 I droplet at different contact angles.

Contact angle Base Radius Base Area [mm?]

[deg] [mm]

120 0.97 2.97
110 1.09 3.8
103 1.18 4.4
97 1.25 4.9
83 1.42 6.3
74 1.53 7.3
68 1.6 8.0

The time associated parameter that is the charge relaxation time at the solid/liquid
interface, denoted as relaxaion and the frequency of the input signal zine: Can be also considered
with the R-C model. The relaxation time traxation 1S basically associated with the R-C time
constant for the circuit where the droplet and dielectric layers can be modeled as resistive and
capacitive components, respectively, as shown in Fig. 14. Assuming that DC voltage is applied

to the EWOD with droplet, the relaxation time is [44, 78] given
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1
relaxation — Rw (CW + Cd ) N— (24)

cut

T

In Egn. (24), the droplet’s resistance solely contributes to the relaxation time, but in reality the
EWOD circuit seems to have other resistance contributions that might need to take into account
the relaxation time. The inverse of zrelaxation Can be used to define a cut-off frequency wcy, Which
is mentioned earlier in this section. Many researchers have made efforts to distinguish the low
and high frequency regimes by which EWOD force is mainly responsible for the droplet’s
motion in the low frequency regime because the electric field is formed and concentrated only at
the contact line of the dielectric layer (neglecting the fringe field at the contact line), while
dielectrophoresis (DEP) force based on the redistribution of the electric field across the droplet is

the responsible for the high frequency regime [78-81].

2.3.3 Voltage Drop across Droplet

The experimentally obtained frequency response of EWOD circuit can be roughly analyzed by
employing a transfer function G(s) to predict the voltage division in the EWOD circuit. A
transfer function states the relation between the input and output of our interest in a mathematical
method, and its application for AC EWOD analysis shows a good agreement with our
experimental results particularly when to estimate the voltage drop across the dielectric layer
[82]. Since EWOD with the droplet in the circuit model is divided into two components by the
droplet and dielectric layer, the sum of voltage by each component has to be same as overall
applied voltage based on the Kirchhoff's voltage law. For a given overall AC voltage Vi(t) =

sinwt (amplitude of this signal is taken as unity for simplicity):
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V,(t)= Zwl(t)+é [yt (25)

where Z, = R and S = jo.
1+C,R,S

Then, the transfer function can be defined in frequency domain as below,
R,C.S+1

G(s):\i= (26)
V, R,(C,+C,)S+1

For a given input voltage Vi(t) = sinwt, the voltage only at the dielectric layer is given as Vq(t)

= A(®) sin[wt+¢(m)], where the magnitude A(w) and phase ¢(w) are given by

R’C?w® +1 -
i , Where ¢(a))=arctan(m)

(C,+C,Va®+1 ReG(jw) @)

A(w)ZIG(J'a))I:\/RZ

The validation of A(w) can be confirmed by considering two frequency limits when w~0 and

w~w. For low frequency limit or DC when w~0, we have A(w)=1, which implies that V (total

voltage applied to EWOD) would be equal to V4 (voltage across the dielectric layer). On the

contrary, for high frequency limit when w~, the A(®) is no more unity but converged to C,/

(Cw+Cyq), which is only determined by the capacitances of the droplet and dielectric layer. That

is, a significant voltage division occurs across the EWOD circuit. As a consequence, V; iS no

more equal to Vy, possibly leading to an extremely small change in the contact angle.
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24  AMPLITUDE MODULATION (AM)

241 AM and Demodulation

AM is one technique mostly used in wireless communication, where the carrier signal (usually
radio frequency) has its instantaneous amplitude varied in accordance with the low frequency
message or modulating signal [83]. In AM, the carrier signal c(t) of high frequency (w. = 2xf.) is
modulated by being multiplied by the enveloping signal m(t) of low frequency (wm = 2xafy,). The

form of amplitude-modulated signal A(t) is given by,

A(t) = c(t) em(t) = Asin(w,t) o [L+ M sin(e, t)] (28)
where A and M are the amplitude of the carrier and enveloping signal respectively [84]. The
transmitted AM signal is usually demodulated by a demodulation circuit or envelope detector to
recover the low frequency message signal [83]. One of the simple demodulating units, which
composed of a diode and capacitor are given in Fig. 17 along with AM signal and demodulated
signal. The recovering process of the low frequency envelope (also called a demodulation
process) based on Fig. 17 has two main steps. AM signal is half-wave rectified by passing the
diode, and the high frequency components remaining in the half-wave are by-passed through the
capacitor, where the high frequency components are effectively removed. The final waveform of
the demodulated signal is similar to the signal having one low frequency component (modulating

signal) offset by DC component as shown in Fig. 17 on the right side.
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Demodulator

Figure 17. AM signal (waveform on the left) is demodulated to recover its envelope signal (waveform on the right)

The AM signal can be produced in the function generator after optimizing several
parameters such as modulating depth and modulating frequency. The modulation index indicates
how strong the modulating signal with respect to the carrier is. The modulation index should not
exceed 100% in order to avoid distortion in a demodulated signal whenever an envelope detector
is employed. By setting of 100% modulation depth with sinusoidal waves in function generator,

for which A and M in Eqn. (28) are set equal, AM signal without distortion can be achieved.

2.4.2 AM with EWOD

As mentioned in 2.3.1, droplet oscillation by AC voltage is often used to overcome the contact
angle hysteresis. However, since wirelessly transmitted signal is usually high frequency (from
few hundreds kHz to few MHz range in this study) to obtain high voltage for EWOD actuation,
the droplet would not be able to follow such a fast carrier frequency. This means that it is very
difficult for droplet to directly oscillate in harmony with the applied carrier frequency. If the
carrier frequency is below 1 kHz, the voltage at the receiver will not be high enough for the

EWOD operation since the attainable voltage at the receiver through magnetic induction is
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proportional to the transmission frequency [56]. Hence, AM is implemented in the wirelessly
transmitted signal in order to oscillate a droplet at a lower frequency than the critical frequency.

By intuition, it is expected that the droplet will respond only to the envelope of the carrier
signal. As a result, the droplet will oscillate at the frequency of the enveloping signal. This is
somewhat particular application of AM scheme unlike the general application of AM in wireless
communication. However, AM with wirelessly transmitted signal A(t) consists of purely high
frequency components and inherits no low frequency components from the message signal m(t).
This fact can be easily realized by using trigonometric identities of A(t). A(t) given in Eqgn. (28)

can be re-written in the form as follow.

A(t) = Asin(a,t) - % [cos(a, + )t —cos(w, — o, )] (29)

As it can be seen in the Eqn. (29), AM signal has only high frequency components, a carrier
wave and two sinusoidal waves, whose frequencies are slightly above and below w,, which
implies that droplet is not supposed to respond the low frequency signal m(t) due to lack of the
low frequency component. However, interestingly droplets in certain conditions directly respond
to the envelope signal without any external demodulation circuit.

According to Lippmann-Young’s equation, the contact angle is proportional to V4°. The
droplet’s behavior responding to the envelope can be understood by theretical prediction using
the transfer function given in 2.3.3. Suppose that the EWOD system in Fig. 16 is driven by the

following AM signal.
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VA (t) = AlL+sine, tlsinot. o, (@, (30)

Then, the transfer function gives the V4™ for given VA"(t) as follow [82],

V, ™ (t) =|G(s)|AlL+Sin w,t]sin et (31)

Then, its square value is given as,

V™) =[G(s)[ A[L+sin w,t]? sin? w,t
_ %|G(s)|2 A?[3+a(t) +b()] (32)

a(t) =4sinw,t—cos2w,t

where, ] )
b(t) =-2(1+sin w,t)° cos 2am,t

According to Eqgn. (32), the high frequency signal b(t) does not contribute to the contact angle

change. Therefore, the time variation of the contact angle 6(t) will follow the slowly varying

signal a(t), whose dominant component contains only the low frequency envelope signal. As a

consequence, droplets directly respond to the envelope signal without any external demodulation

circuit. The experimental verification of this phenomenon is given in section 3.1.3.
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3.0 EXPERIMENTS

3.1 ACELECTROWETTING IN WIRED POWERING

In this chapter, the experimental measurements of the voltage division (V; = V4+Vy) of EWOD
with the droplet are presented. The nature of droplets responding to the low frequency envelope
in the application of AM signal is also verified experimentally. Finally, one efficient way to
increase the span of contact angle (460) is presented by addition of the external demodulation

circuit. All applied signals (DC, AC and AM) in experiments are generated via wired powering.

3.1.1 Experimental Set-up

AC electrowetting is performed by measuring the apparent contact angle change of the droplet in
wired powering. To set up the contact angle measurement experiment, EWOD device is prepared
by using Si wafers. 4-inch Si wafer is cleaved in small pieces (2x2 cm?) and mounted in the
parylene coating chamber (Speciality Coating System, PDS 2010). Parylene-C (e, = 3.1) dimers
are decomposed and chemically deposited for a uniform and conformal film at room
temperature. 2% Teflon AF (¢-= 1.93) is also coated over the entire area of samples to increase
hydrophobicity. The final film thickness is measured by the surface profiler (Dektak 3030). The
measured thickness of the parylene layer is 1.5 um and that of the Teflon layer is ~0.9 um. The

experimental set-up is illustrated in Fig. 18.
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The 5 pl of liquid droplet with ¢ = 153x10* S/m (measured at 22.9 °C by Orion 3-Star
pH meter) is used during this experiment and the volume of droplet is controlled by micro-
pipette. For the ground electrode immersed into the droplet, a 30 pm in diameter Cu wire is used
and also coated by 0.5% Teflon. The base radius of the droplet is about 1 mm. The signals (DC,
AC voltage) are applied by using the function generator (Agilent 33220A) and amplified up to
50% by the high frequency piezo driver (Trek 2100HF). All applied signals are monitored by a
scope meter (Fluke 199C). Apparent contact angle and change of the droplet shapes are

monitored by a CCD camera and recorded real time in a PC.

Volume of droplet =5 pl
Droplet base radius=~ 1 mm

Teflon: 0.9 um

Parylene: 1.5 um

S1 wafer

Figure 18. Experiment set-up with droplet for contact angle measurement.

In order to avoid droplet’s mechanical oscillation (experimentally observed upper
frequency limit was ~2 kHz in this set-up), the frequency selected in the experiment is 50 kHz.
An image processing of droplet is implemented using the Drop Shape Analysis (LB-ADSA) plug-

in in ImageJ to quantitatively read the contact angle.

41



3.1.2 Contact Angle Measurement

Figure 19 shows the contact angles of 5 pl sessile droplet when the voltages of DC and 50 kHz
AC are applied along with Lippmann-Young curve. For the DC case, the onset of contact angle
change (threshold) is noticed at 50 V with 46=~8° and the saturation is observed over 110 V with
the saturated contact angle 6=~75°. No further decrease in contact angle is achieved even at the
higher voltages (known as contact angle saturation). The Lippmann-Young curve in Fig. 19 is
also obtained by plugging the specific capacitance of dielectric layer into Eqn. (1). In this
experiment set-up, the specific capacitance of the dielectric layer is ~9.7x10° F/m? by taking

both the thickness of the Teflon and parylene layer into consideration.

0 DC experiment
A AC 50 kHz experiment
Lippmann-Young curve

Contact angle [deg]
o0
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Figure 19. Contact angle of a 5 i sessile droplet at DC and 50 kHz comparison with Lippmann-Young’s curve.V,,
Vg, and V,, are the total applied voltage to EWOD, voltage only at dielectirc layer and voltage drop across the droplet,
respectively.
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For the AC at 50 kHz, the overall behavior of the contact angle is similar to that of the
DC but larger contact angles than the DC are always observed over 70 V. This is because there
exists a voltage drop across the droplet (denoted V,, in Fig. 19) in the case of AC voltage
application, and thus the total applied voltage V; is not fully delivered to the dielectric layer
(denoted Vy). As a result, small contact angle variation 46 is observed. For example, when V;=
100 V, the contact angle is 78.1° in DC, thus the span of contact angle from the initial state is

A6=~42°, while that of AC is 46=~24° at contact angle of 95.9°.

(a) (b)
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Figure 20. (a) Frequency response of contact angle at different input voltages of 90, 100, and 110 V for 5 pl sessile
droplet; insets are photos of corresponding droplet shapes at 2 and 500 kHz respectively at 100 V. (b) Scattered data
points are the normalized Vy at different V, and interpolated transfer function. The measured contact angles are

plugged into the DC curve in figure 18 (solid line) to calculate V.

The frequency response of the contact angle is further measured at different voltage
inputs to investigate the voltage division at EWOD. The contact angles are measured by

changing the input frequency from 2 to 500 kHz at three different RMS voltages of 90, 100, and
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110 V respectively. Figure 20 represents the experimental results of contact angles vs. the
frequency. Within the present frequency range, the contact angle is gradually increased up to 200
kHz (in log scale). Beyond that frequency, the contact angles remain almost unchanged.

Figure 19(b) also shows the frequency response of the normalized Vg4, and the
interpolated transfer function. Vy4 is decreased as the frequency is increased. The reduction
reaches ~50% when the frequency is over 200 kHz. The contact angle beyond 200 kHz is
converged to ~110° regardless of the applied voltage. Considering that the normalized Vy is
converged to C,/(C,+Cy)=0.5 above 200 kHz reading from Fig. 20(b). The change of droplet
shape and base area is not so great above 200 kHz, thus, the change of the capacitance of

dielectric layer would be also minimal.

3.1.3 Amplitude Modulation (AM)

3.1.3.1 Droplet Responding to Envelope

The objective of this experiment is to verify the theoretical prediction that droplets can be in
harmony with the low frequency envelope driven by AM signal. The experimental set-up for AM
having the same EWOD chip condition with 3.1.1 is shown in Fig. 21(a). AM signal that is 1 Hz
of low frequency envelope and 50 kHz of carrier shown in Fig. 21(b) is generated by a function
generator with 100% of modulation index, and applied to the droplet. AM signal has only high
frequency components, that is a high frequency of the carrier and two sinusoidal waves, whose

frequencies are slightly above and below the carrier frequency.
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Figure 21. AM experiment set-up in wried powering (a) and the applied AM signal (1 Hz of low frequency

envelope and 50 kHz of carrier from the function generator) to EWOD with droplet.

The result of the contact angle vs. time (2 periods) is shown in Fig. 22. When the AM
signal is applied to the droplet, the droplet responds to the low frequency envelope while it
changes its shape and contact angle as well. Droplet recovers its shape and contact angle along
the given 1 Hz of envelope frequency. When the contact angle reaches at the minimum during
two periods, there exists ~2° of contact angle difference, which is probably from the contact
angle hysteresis. However, this result is fairly in good agreement with the theoretical prediction.
The contact angle variation is 460=~17° from the maximum to the minimum contact angle.

According to the G(s) transfer function given in Eqn. (28), a higher carrier frequency will
inevitably result in more voltage drop across the droplet, since the magnitude |G(s)| is decreasing
with the carrier frequency. The voltage division makes the voltage across the dielectric layer
smaller as the carrier frequency increases, and thus the nature of droplets responding to the
envelope seems to be buried. However, this characteristic still exists even when the dielectric
voltage is lowered. This issue will be also discussed in wirelessly transmitted AM signal which

has a higher carrier frequency (few hundreds kHz to few MHz) than the current AM set-up.
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Figure 22. Contact angles under AM (1 Hz of envelope and 50 kHz of carrier frequency) signal.

3.1.3.2 External Demodulation Circuit

In contrast, from a practical point of view, a higher carrier frequency is generally desirable for
the efficiency of wireless powering. However, due to significant voltage drop across the droplet
with the increased frequency, EWOD would require much higher voltage than the typically
required voltage. Therefore, it is good choice to install the external demodulation unit at the
receiver circuit in order for the droplet not to meet any high frequency components. Fig. 23
shows AM demodulation circuit adopted in this experiment. This simple circuit is composed of
single diode and capacitor (other experimental conditions such as EWOD chip, AM signal and

its amplitude are remained same as 3.1.3.1).
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Figure 23. AM demodulation circuit composed of single diode (IN5399-E3/54) and capaciotr (10® F) in parallel

connection. After the demodulator, the drolplet will see the only low frequency envelope signal.

For this demodulation circuit addition, the span of contact angle (46) is ~47° as given in
Fig. 24(b) and (c). Since the envelope signal is recovered by the added demodulator before
reaching the droplet, the droplet meets only low frequency envelope signal. It can be clearly seen
from the waveform in Fig. 24(a) (the blue waveform in the below) that the demodulated signal
only contains 1 Hz of the low frequency envelope signal. As a result, there is no reduction in the
dielectric layer’s voltage, which occurred in the inherent demodulation of the droplet in pure AM
signal. The installation of demodulation circuit is beneficial particularly when it comes with the
wireless circuit via magnetic induction since this simple circuit removes the high frequency

components efficiently resulting in increased 46.
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Figure 24. (a) AM signal, 50 kHz of carrier and 1 Hz of envelope (upper) and demodulated signal (below) by the
external demodulation circuit. (b) and (c) are the contact angle photos captured when it reaches the maximum (b)

and minimum contact angle (c).

Table 3. Comparison of the span of contact angle.

f. at 50 kHz O min 0 max A0

without o o o
demodulator 94 111 17

with o o o
demodulator 63 110 4t

3.1.4 Summary and Conclusion

In this chapter, the experimental verification of the voltage division (V; = V4+V,,) of EWOD in
the AC input were presented. When the AC voltage is applied to EWOD with the droplet in
particular above the critical frequency in which droplets cannot oscillate in harmony with the
frequency, the contact angle change is reduced gradually as the frequency is increased resulting
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in voltage division over the EWOD with droplet. To find the voltage across the dielectric layer,
we introduced the transfer function derived from the capacitor-resistor circuit model for EWOD
configuration. The prediction by the transfer function was compared with the experimentally
measured results.

The low frequency (envelope) responding droplets behaviors in the AM signal were also
presented. The experimental results are fairly in good agreement with the theoretical prediction.
However, it is obvious that addition of the external demodulation circuit would be beneficial in
practical point of view particularly when the carrier frequency is inevitably increased via a
magnetic induction. Since the droplets act as capacitive component at high frequency which
results in a significant voltage drop across the droplet, by addition of external demodulation
circuit, it is confirmed that the voltage drop across the droplet is reduced and thus the span of

contact angle is significantly increased at given AC frequency.
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3.2  WIRELESS POWERING VIA SPOOL-TYPE COILS

In this chapter, we investigate wireless power transmission for EWOD utilizing magnetic
induction. To meet the droplet actuation conditions by EWOD, the resonant inductive coupling
method at a high resonant frequency is introduced and investigated. To optimize the transmission
efficiency, we study the effects of many parameters such as the frequency, inductance and
capacitance at the transmitter and receiver, the gap between the transmitter coil and receiver coil,
and the droplet size by measuring the voltage at the receiver and the contact angle of the droplet
placed on a wirelessly operated EWOD chip. In addition, by applying AM technique into
wirelessly transmitted signal, droplet oscillations are also achieved. Finally, it is successfully
demonstrated that a droplet is transported laterally by using an array of electrodes, which is also

powered by the AM wireless signal.

3.2.1 Resonant Wireless Circuit Set-up

As shown in Fig. 25, the transmitter consists of a function generator, a power amplifier, a spool-
type coil (0.055 mH) and a capacitor (22000 pF). The receiver also has an L-C circuit composed
of a spool-type coil (2.93 mH), a capacitor (470 pF), and EWOD chip, all connected in parallel.
The frequency of the transmitter and the receiver is tuned to be equal at 140 kHz based on Eqn.

(20). The measured L and R values for the coils are listed in Table 4.
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Figure 25. An equivalent electric circuit using a magnetic induction. The EWOD part (including a droplet) is

connected to the receiver coil in parallel. Subscript tr and re denotes the transmitter and receiver respectively.

Table 4. The measured inductance and resistance values of spool-type coils by LCR meter (Agilent 4285A).

Transmitter coil Receiver coil
Number of turns 25 250
L [mH] 0.055 2.93
R[Q] 0.17 5.7
Coil D; [cm] 2.3 2.3
Wire D [um] Cu 250 pm and insulating polymer 250 pm
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3.2.2 Fabrication of EWOD Testing Device for Droplet Transporting

In order to demonstrate the droplet transportation via wireless EWOD, a testing device on a 4-
inch glass substrate is fabricated with the process flow as illustrated in Fig. 26. The testing
device consists of two parallel plates: top and bottom. The bottom plate shown in Fig. 26(C) has
an array of EWOD driving electrodes while the top plate in Fig. 26(b) has a single electrode
covering the entire area of the plate, which is used for electric grounding. A droplet is placed
between the two plates. In droplet transporting, at least two neighboring EWOD electrodes
placed underneath the droplet are required. The dimension of the EWOD electrode is 1.2x1.2

mm?.

@) Au/Cr ®) Ground electrode
ITO
Glass substrate Glass
EWOD electrodes patterning Teflon layer |

Parylene layer

= b={ Rl Il (C) 1

Teflon layer

l | — | Tl || W

Figure 26. Fabrication process for EWOD testing device. (a) 4” glass wafer prepared for the bottom plate of the
EWOD chip and Cr/Au (10/100 nm thick respectively) layer sputter-deposited and patterned by wet-etching.
Dielectric layer (parylene) deposited by chemical vapor deposition process and 2% Teflon solution spin-coated. (b)
Top plate: Conductive ITO glass coated with 0.5% Teflon solution. (c) Photo of fabricated EWOD testing device.
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3.2.3 Experimental Results

3.2.3.1 Effectiveness of Wireless Circuit

The experiments are carried out to find the resonant frequency of the wireless circuit without the
EWOD chip installed in the receiver. Both transmitter and receiver have coils and capacitors to
make the resonant circuit. For the transmitter circuit, the inductance and the capacitance are
0.055 mH and 22000 pF, respectively. The receiver has the inductance of 2.93 mH and the
capacitance of 470 pF. The resonant frequency according to Eqn. (22) is 140 kHz in both the
transmitter and receiver.

As shown in Fig. 27(a), the resonant frequency is measured to be 137 kHz at V;=24.9 V
and 143 kHz (Vy=42.3 V), respectively, slightly depending on the input voltage at the transmitter.
The voltages at the receiver up to 148 V at 137 kHz and 211 V at 143 kHz are obtained when the
receiver coil is placed on the transmitter coil with a zero separation distance. These voltages are
much higher than the required EWOD voltage. The significant voltage reduction occurs as the
frequency is off the peak frequencies, and the voltage flattens as the frequency is increased.

Figure 27(b) also shows the relation of the receiver voltage to the separation distance
between the transmitter and receiver coils. As the separation distance between two coils is
increased, the magnetic field reaching the receiver coil becomes weaker and eventually the
measured voltage at the receiver drops monotonically as predicted. For EWOD operation in all
cases, the distance should be maintained smaller than 20 mm in order for the voltage at the

receiver to be higher than 50 V.
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Figure 27. (a) Voltage at the receiver. Peaks in which resonance occurs are at 137 and 143 kHz for 24.9 and 42.3

input voltages, respectively. (b) Voltage at the receiver vs. distance between the transmitter and receiver coils.

In additional experiment (circuit illustrated in Fig. 28(a)), the capacitor at the receiver is
removed to see whether resonating could be obtained without the capacitor. Unlike the circuit
with the capacitor, two peaks appeared as shown in Fig. 28(b). Regardless of the input voltage,
the first peak is at 190 kHz in which the measured voltages at the receiver are 26.1 and 40.7 V,
respectively. For the second peak, the voltages are up to 44 V at 515 kHz (when V=24.9 V) and
72.9 V at 500 kHz (when Vy=42.3 V). The voltages at the peaks are much lower than those with
the capacitor and thus might not be high enough to drive EWOD in some cases. Even at the off-
peak frequency, the voltage behavior is slightly different. The appearance of two peaks may be
attributed to the parasitic capacitance inherently existing in the receiver circuit. As the frequency
increases, the reactance of the parasitic capacitance, which is inversely proportional to the
frequency, decreases. Thus, the parasitic capacitance comes into play at a high frequency. Note

that the voltages at the second peaks are higher than those at the first peaks. This may be
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explained by the fact that the derivatives in Eqn. (14) become greater at higher frequencies,

leading to a greater electromotive force and thus a higher voltage.

()
Ctr — Ltr Lre
Transmitter Receiver
(b) 80
—— Vtr =249V
604 —o—Vir=42.3V
> 40
>?_’
20-
0 190 kHz 500 kHz i1 515 kHz
0O 100 200 300 400 500 600

f [kHz]

Figure 28. (a) The wireless circuit having no external capacitor at the receiver circuit. (b) Voltage at the receiver

when the external capacitor is removed at the receiver. Two peaks for each case are produced.

3.2.3.2 Effects of Droplet Size

It is expected that adding EWOD chip at the receiver will change the overall capacitance of the
receiver circuit and thus the resonant frequency. In this scenario, two components in the EWOD
chip change the overall capacitance. The first one is the dielectric layer underneath the droplet
consisting of the Teflon and parylene layers in the present EWOD chip. The second one is the
droplet itself acting as a capacitor and resistor. As illustrated in the equivalent electrical circuit in
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Fig. 16, it has been widely understood that EWOD dielectric layer mainly acts as a capacitor [26,
27].

For the capacitor formed by the dielectric layer, the droplet base area that interfaces with
the dielectric layer serves as one electrode, while the EWOD electrode underneath the dielectric
layer serves as the other electrode. Thus, the base area of the droplet is a key parameter in
determining the capacitance of the dielectric layer. Assuming that the Teflon layer (~0.2 pm) is
negligibly thin and thus the contribution to the total capacitance is also negligible, the total
capacitance for the EWOD dielectric layer would be equal to that of the parylene layer. The
parylene layer for the present chip has a thickness of 1.5 um. Using the thickness and dielectric
constant (¢ =3.1) of the parylene layer and the droplet base area, the capacitance of the dielectric
layer formed by three different droplet sizes is calculated and tabulated in Table 3 when the
contact angle @ is 120°.

Next, the droplet acts as a parallel circuit of a capacitor and resistor, as shown in the
equivalent circuit in Fig. 16. For the calculation of the droplet’s capacitance, we assume that the
droplet capacitance having a spherical shape can be defined as the amount of electrical charge
that must be added to an isolated droplet to raise its electrical potential by one volt [85]. In
addition, we make another assumption that the shape change of the droplet would not change the
capacitance significantly and it will not be violated within the regime that the shape change is
minimal by the frequency [86]. Following the assumption, the capacitance of the three different

droplet volumes is also calculated in Table 5.
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Table 5. Capacitances of dielectric layer, droplet, and the EWOD chip at receiver for three different droplet volumes

when the contact angle is 120°. All capacitance units are in pF.

Droplet size ul | Base area mm? C, C, o
5 2.97 543 9.8 8.3
30 9.79 179 17 15.5
145 27.8 508 29 27.4

Since the droplet and the dielectric layer are connected in series, the total capacitance
Cewop can be easily calculated as shown in Table 3. The total capacitance is much smaller than
that of the installed capacitor (470 pF) that is connected in parallel to the EWOD chip. This
implies that adding the EWOD chip would not change much the overall capacitance of the
receiver, and thus would maintain the resonant frequency at the receiver as it is. As a result, the
effect of the droplet size would be minimal since the capacitance of the EWOD chip is much
smaller than that of the external capacitor. These predictions are experimentally confirmed, as

shown in Fig. 29.
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Figure 29. Voltage at the receiver (Vy=24.9 V) when the EWOD chip including a droplet is installed in the receiver.

The peak frequencies and voltages at the receiver is almost same with Fig. 27(a) regardless of the droplet volume.

Regardless of the droplet volume, the shift of the peak frequency is not significant. The
peak frequencies are 135 kHz for the 5 pl droplet 134 kHz for the 30 ul droplet and 129 kHz for
the 145 ul droplet. Compared to the wireless circuit without the EWOD chip, the frequency shift
is also minimal. In addition, the voltage output at the receiver stays in a similar range regardless
of the droplet volume. The voltages measured at each peak are 154, 153.5, and 152 V for 5, 30,
145 ul droplet volumes, respectively. These results imply that the present wireless circuit can be
used for a wide range of droplet volume without necessarily adjusting the circuit parameters. As
far as the overall capacitance of the EWOD chip including the droplet remains much smaller
than the capacitance of the receiver, the droplet can be wirelessly driven via EWOD without any
significant frequency shift or adjustment.

This result is also verified by deliberately adding another external capacitor in parallel

with the existing capacitor (470 pF) at the receiver. The circuit set-up for this experiment is
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shown in Fig. 30. The EWOD chip is replaced with additional capacitors and the behaviors of

frequency are measured by changing the capacitance.

&
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Transmitter Receiver  Adding external capacitor
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Figure 30. The wireless circuit set-up by adding external capacitor in place of EWOD with droplet. L,=0.055 mH,

L=2.93 mH, C,=22000 pF, and C,=470 pF, respectively.

No significant peak frequency shift is observed as far as the additional capacitance is
much smaller than the external capacitor, for example, regions (a) and (b) in Fig. 31. When
adding a capacitance similar to the capacitance of the present EWOD chip including the droplet,
the frequency shift is minimal. The triangles denote the peak frequencies with the three droplets,
as shown in Fig. 29. However, we can observe a significant frequency shift from 140 kHz when
the additional capacitance is comparable to the existing capacitance, for example, point (c) in Fig.
31, the significant peak frequency shift begins to occur within this experiment set up when an
additional capacitor is 470 pF which is equal to the existing external capacitor. The frequency
shift is further observed when 1000 pF is added. These results are in good agreement with the
results observed in Fig. 29. Since this circuit (especially for the receiver) is designed to have
higher impedance at each L and C component than that of EWOD, the induced voltage at the

receiver can be fully used without significant voltage loss for droplet manipulation.
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Figure 31. The shift of the resonant frequency in comparison with the data shown in Fig. 29 when an additional

capacitor is added in the receiver in parallel to the existing external capacitor (470 pF).

3.2.3.3 Contact Angle Measurement and Voltage Drop across Droplet

A DI water droplet of 5 pl in volume is sitting on the dielectric layer (parylene layer of 4.8 um in
thickness), and the change in the contact angle is measured by changing the input voltage,
accordingly the output at the receiver.

Figure 32 gives the measurement results. As the voltage at the receiver increases, the
contact angle decreases. Here again, the overall voltage (V) denotes the voltage across the
EWOD chip including the sessile droplet. The contact angle is saturated at 68° when the overall
voltage is over 300 V, and at a higher voltage than 300 V, the contact angle remains at the
saturated angle. The initial contact angle measured with no voltage applied is 119°, which means
the span of the contact angle is 51°. The corresponding droplet shape and its contact angles are

shown in Fig. 32 (b).
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Figure 32. (a) Conact angle measured at 137 kHz. Square denotes the overall applied voltage to EWOD and triangle
denotes the voltage only at dielectric layer. (b) and (c) are the corresponding droplet’s shape and contact angle

reading at initial and saturation state respectively.

We calculate the V4 (voltage across the dielectric layer), not V; (overall voltage to EWOD)
and its result also shown in Fig. 32(a) (triangle shapes). To find Vg, the overall circuit of the
EWOD chip is modeled as a serial circuit of the droplet and the dielectric layer. Since the droplet
and the dielectric layer are connected in series, the voltage across the dielectric layer can be
calculated by using the transfer function. A significant voltage drop occurs across the droplet, not
across the dielectric layer. As a consequence, the voltage across the dielectric layer is smaller
than the overall voltage. This implies that for wireless EWOD operations the overall voltage
produced at the receiver should be much higher than the typically required EWOD voltage. For
example, at the onset of saturation, V; is over 300 V but Vy is only about 80 V according to the

data plot given in Fig. 32(a). The overall voltage is more than three times the voltage across the
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dielectric layer. In addition, the blurred contact line at the saturation voltage can be also clearly
observed from Fig. 32(b) photo which results from the ohmic losses over the droplet at high

voltage application.

3.2.3.4 Droplet Oscillation with Wirelessly Transmitted Signal

Since the wireless transmission frequency (137 kHz) is much higher than the critical frequency
of the droplet @i (< 1 kHz), the droplet cannot oscillate at the transmission frequency but
remains at a fixed contact angle. As mentioned earlier, however, droplet oscillation, in particular,
at the natural frequency provides many useful functions. In order to oscillate a droplet at the
natural frequency, the wireless transmission signal is amplitude-modulated.

A DI water droplet of 10 pl placed on a hydrophobic layer is driven by AM signal which
is transmitted by the wireless powering set-up. The experiment set-up is exactly same as the Fig.
25 except that AM signal is generated from the function generator. The carrier frequency is fixed
at 137 kHz. By changing the envelope frequency from 1 to 10° Hz, we could find that the
maximum oscillation occurs at 122 Hz.

The snapshots of droplet oscillation within 5 ms of the enveloping signal are shown in
Fig. 33(a). The snapshots were taken using the high-speed camera. The corresponding AM signal
measured at the receiver is presented in Fig. 33(b). Since the high-speed camera was not
synchronized with the enveloping signal, the phase at which each photo was taken is not known.
However, we believe that the most left photo on top (t = t,) in which the contact angle is greatest
among the 6 photos corresponds to the time when the amplitude of the enveloping signal is close
to the minimum whereas the time between time (t,+4) ms and (t,+5) ms in which the contact
angle is lowest corresponds to the time when the amplitude of the enveloping signal is close to

the maximum.
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Figure 33. (a) High speed camera images of droplet (10 pl) oscillating with AM (122 Hz) signal transmitted at 137

kHz of carrier frequeny. (b) Corresponding signal applied to the droplet.

3.2.3.5 Transporting Droplet via Wireless EWOD
Finally, we demonstrate droplet transportation using AM signal at the enveloping frequency of
10 Hz and the carrier frequency of 137 kHz. The experimental set-up and AM signal at each

circuit is given in Fig. 34.
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Figure 34. Wirelessly transmitted AM signal (10 Hz of envelope and 137 kHz of carrier frequency) is applied to

EWOD to transport 2.5 ul of DI droplet.

The sequential snapshots of transporting of the droplet (2.5 pl in volume) are presented in
Fig. 35. The wirelessly transmitted signal sequentially shifts from one electrode to the next in the
linear array of electrodes to generate step-by-step transportations of the droplet. While in

transportation, it is clearly observed that the droplet oscillates at 10 Hz.
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Figure 35. Snapshots of droplet transportation on EWOD electrodes. The droplet is actuate by wireless AM signal.
The EWOD electrodes are activated sequentially from the right to the left (left column), and from the left to the right

(right column). Each EWOD driving electrode has a square shape of 1.2x1.2 mm?.

3.24 Summary and Conclusion

For wireless EWOD, a resonant L-C circuit based on inductive coupling was developed and
investigated. When the transmitter as well as receiver circuits were set to resonate at the same
frequency (137 kHz) by adjusting the coils and capacitors, high voltages (up to 390 V) at the

receiver were achieved, which were sufficient to actuate droplets by EWOD. The overall
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voltages obtained at the receiver should be much higher than the typical required EWOD voltage.
We could not observe any significant voltage drop or resonance frequency shift at the receiver
when droplets of 5, 30, 145 ul in volume were tested in the EWOD chip. This means that the
circuit can be used for driving a wide range of droplet size without any circuit adjustment. In this
case, however, the external capacitor at the receiver should be set to be much higher than the
overall capacitance of the EWOD chip including the droplet. The presented transmission
frequency (137 kHz) is too high to oscillate a droplet. Moreover, inductive coupling inherently
has low efficiency at the low transmission frequency signal so that it may not be suitable for full
droplet actuation. However, by embedding AM in the transmission signal, we achieved
successful EWOD droplet oscillations of low frequency (< 1 kHz). Finally, using an array of
EWOD electrodes, droplet transportation (which corresponds to pumping in the continuous

microchannel microfluidics) was accomplished.
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3.3  WIRELESS POWERING VIA PLANAR COILS

In this chapter, wireless receiver circuits are prepared and patterned on PCB. Due to lower L than
the coils presented in the previous chapter, the transmission frequency is increased up to few
MHz range. First, the wireless circuit without the demodulation circuit is investigated. Voltage
measurements at the receiver circuits, separation distance vs. voltage output, contact angle
measurements, and droplets oscillation with AM signal are provided. In another circuit set-up
with addition of the external demodulation circuit, droplet’s lateral transportation is

demonstrated on testing EWOD devices fabricated on SiN wafer.

3.3.1 Experiments without External Demodulation Circuit

Overall schematic view of planar wireless EWOD is shown in Fig. 36(a). The upper part
includes micro-fabricated receiver coils for wireless powering and EWOD electrodes for the
droplet actuation. The dimensions being designed and fabricated are 7.5x6 cm? with 1.5 mm of
board thickness. Each planar receiver coil has a rectangular shape with outer diameter no greater
than 2.3 cm. The spool-type transmitter coils are prepared by winding the coils around a ferrite
ring having outer diameter of 2.3 cm. These coils are placed underneath the planar wireless
EWOD device and center to center alignment between the corresponding receiver and transmitter
coils are maintained.

The droplet actuation model is also sketched in Fig. 36(b). The integrated device (bottom
plate) is composed of 4 planar receiver coils and EWOD electrodes prepared on the PCB. A
water droplet is pipetted on the EWOD electrode. Then, the top ground plate is placed over the

bottom plate with about a 300 um gap. A double-sided tape is used for a spacer between the top
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and bottom plates to maintain the gap. As a result, the droplet is squeezed between the top and

bottom plates and actuated by the wirelessly transmitted signal.

() EWOD Electrodes
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(b)
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Telﬂon @ Droplet ) Dielectric layer
PCB\_% — 11 Receiver coil
EWOD electrodes:
Transmitter coil —

Figure 36. (a) An schematic of planar wireless device (coils) and EWOD electrodes. Transmitter coils are also
located below each receiver coil in which center to center alignment is achieved. (b) Planar wireless EWOD system

for droplet actuation.

3.3.1.1 Fabrication of Planar Wireless EWOD Device
The wireless EWOD device including planar receiver coils and EWOD electrodes (1.2x1.2 mm?
square shape) are fabricated from PCB (15 um thick of Cu layer) using standard

photolithography process. The fabrication processes are capable of producing the wireless and
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EWOD devices simultaneously in a simple and inexpensive manner with minimal dependence on
facilities thereby the compact planar wireless EWOD devices can be easily realized. As a
dielectric layer, parylene-C is chemically deposited on the PCB using the SCS (PDS 2010)
parylene coater system.

The overall fabrication process illustrated in Fig. 37(a) is similar with that of testing
EWOD device preparation in 3.2.2 except that both wireless coils and EWOD electrodes are
simultaneously prepared. Fig. 37(b) also shows a photo of the fabricated device (7.5%x6x0.15
cm®) after completion of all fabrication processes. For the top plate for the grounding, the
transparent and conductive ITO glass plate is prepared and coated with a 0.5% Teflon solution.
The transmitter coils are prepared by winding the Cu wire (250 um in diameter, 5 winding-turns)
manually around a ring shaped air-core ferrite having the outer diameter of 2.3 cm. The photo of

the transmitter coils is also shown in Fig. 37(d).
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Figure 37. (a) Microfabrication process of planar wireless EWOD device. Cu layer (15 um thickness) on top of 1.5
mm of PCB and patterning of receiver coils and EWOD electrodes.Deposition of 3.1 um parylene layer and coating
of hydrophobic Teflon layer. (b) Photo of microfabricated planar wireless EWOD device.(C) Top grounding
electrode preparation on ITO coated by 0.5% Teflon. (d) Photo of transmitter coil having 5 winding-tuns around

ferrite ring.

3.3.1.2 Wireless Circuit Set-up

An equivalent electric circuit in planar wireless powering is shown in Fig. 38. The transmitter
circuit is a parallel L-C circuit composed of a function generator (Agilent 33220A), a power
amplifier (Trek 2100 HF Driver), four transmitter coils and a capacitor (10000 pF) in parallel
connection. Each transmitter coil has the inductance of 5.5~6 uH (measured by Agilent LCR

meter 4285A). The receiver circuit also has an L-C circuit composed of a microfabricated planar
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receiver coils, a parasitic capacitor, and EWOD chip. The capacitor in receiver circuit can be
removed as the EWOD chip with droplet itself serves as a capacitor, particularly when the carrier
frequency is very high (order of MHz). Four planar coils (two of 42 winding-turns and two of 50
winding-turns) are connected in series and each receiver coil is aligned with the corresponding
transmitter coils underneath in which the center-to-center alignment is maintained. The measured
inductance values are in the range of 30~42 pH for 42~50 winding-turns of the planar receiver

coils.
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[ g—

|
r
—

&
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Figure 38. An equivalent electric circuit using magnetic induction for planar wireless EWOD. The EWOD part
(dielectric Cg4 including a droplet, C,, and R,) is connected to the receiver coil in parallel. Ly, and Cy, is the inductance

and capacitance of the transmitter, L, and C, is the inductance and parasitic capacitance of the receiver.
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Table 6. The measured L and R values for planar reciever coils and spool-type transmitter coil by LCR meter

(Agilent 4285A).

PCB coils (Receiver) Transmitter coil
Number of turns 42 50 5
L [uH] ~30 ~42 ~5.8
R [Q] 94.5 151.5 0.7

3.3.1.3 Voltage Output Measurement

After the wireless circuit set-up, the voltage output is measured at the two terminals of the
receiver coil. Fig. 39(a) shows the induced voltage at the receiver over the frequency and the
maximum attainable voltage is 237 V at 2.6 MHz without a droplet installation when transmitter
coils and receiver coils are in contact distance. Since 4 receiver coils are in serial connection
each other, the overall voltage attained is a summation of the voltage from the each single
receiver coils’ terminal. The corresponding waveforms are also given in Fig. 39 (b). The general
peak behavior of this circuit is similar to Fig. 27(a) that is acquired at tuned circuit but having
broad peak range. As listed in Table 5, the receiver coils fabricated on the PCB have a higher
resistance and lower inductance values resulting in low quality factor. This implies that the
selection of the transmission frequency is flexible and wide by a simple change of circuit devices

(e.g. externally installed capacitors at the receiver circuit or transmitter circuit as well).
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Figure 39. (a) Induced voltage at the receiver without droplet. (b) Corresponding waveforms at the transmitter (blue

curve) and receiver (red curve).

Figure 40 also shows the relation of the receiver voltage to the separation distance
between the transmitter and receiver coils measured at 2.6 MHz. As the separation distance
between two coils is increased, the measured voltage at the receiver decays exponentially. Up to
2 cm of the separation distance, the decay is more rapid while the decay beyond 2 cm is gradual.
In all cases, the distance should be maintained smaller than 2 cm in order for the voltage at the

receiver to be higher than 50 V.
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Figure 40. Separation distance between transmitter and planar receiver coils vs. induced voltage at the receiver

(transmission frequency is fixed at 2.6 MHz).

3.3.1.4 Contact Angle Measurement

The measurement of the apparent contact angle change is performed with 5 pl of sessile liquid
droplet. The liquid droplet having the conductivity ¢=1413x10™* S/m (measured at 22.9°C by
Orion 3-Star pH meter) is sitting on the EWOD chip, and the change in the contact angle is
measured by changing the voltage from the function generator. The EWOD chip is prepared on
Si wafer cleaved in small pieces (2x2 cm?) having the dielectric layer (parylene-C) of 3.1 pum in
thickness. 2% Teflon (~0.9 um) AF is also coated over the entire area of samples to increase
hydrophobicity. Instead of the top ground plate, a sharp tip is immersed into the droplet.

Figure 42 shows the measurement results performed at 1.75 MHz and the results are
compared with Lippmann-Young’s curve (solid curve in the same figure). The transmission
frequency having the maximum voltage output has been shifted from 2.6 MHz to 1.75 MHz after
the droplet installation on the EWOD chip while the contact angle measurement. Since the

EWOD chip with the droplet also plays a role as additional capacitor connected in parallel with
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the receiver coils, the overall capacitance is increased and thus the transmission frequency is

lowered with the droplet installation.
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Figure 41. Measurement of 5 pl sessile droplet contact (c=1413x10 S/m) angle vs. voltage at the receiver
wirelessly transmitted at 1.75 MHz. The theoretical (solid) line is obtained from Lippmann-Young equation. (b) The
initial contact angle is 119° and the contact angle is 78° when V=217 V. The contact angle saturation is observed at

78°.

Compare to Lippmann-Young’s curve in the Fig. 41(a), overall contact angle behaviors
are similar, which is as the voltage at the receiver increases, the contact angle decreases.
However, due to the significant voltage drop across the droplet at this transmission frequency,
the overall applied voltage to the EWOD chip cannot fully contribute to the dielectric layer
resulting in the smaller span of contact angle. The contact angle is saturated at 78° when the

overall voltage is 217 V, and at a higher voltage than 217 V, the contact angle remains at the
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saturated angle. The initial contact angle is measured to be 119° when no voltage is applied to the
EWOD. The span of the contact angle is 41° from the initial state to the saturation. The photos of
corresponding contact angle and shape change are shown in Fig. 41(b). At the saturation, the

vigorous small droplets are produced at the contact lines due to high voltage application.

3.3.1.5 Droplet Oscillation

Overlaid snapshots of droplet oscillation at 100 Hz of the enveloping signal are shown in Fig.
42(a). A droplet of 5 pl having conductivity of 1413x10* S/m placed on a hydrophobic layer is
driven by an AM signal which is transmitted by the wireless powering set-up. The carrier
frequency is fixed at 1.75 MHz. The snapshots are taken using the high-speed camera. The
corresponding AM signal (the high-speed camera was not synchronized with the enveloping

signal) measured at the receiver is also shown in Fig. 42 (b).

(@) - (b)

100 Hz of envelope signal

/

1.75 MHz of carrier signal

Figure 42. Droplet oscillation by wirelessly transmitted signal. (a) Overlaid high-speed camera images of droplet

oscillation; 5 ul. (b) The envelope frequency is 100 Hz and the carrier frequency is 1.75 MHz.
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3.3.1.6 Droplet Transportation on PCB EWOD Electrodes

From the contact angle measurement in previous section, the span of contact angle is 41° with the
conductivity of 1413x10* S/m, so it is expected that the droplet transportation or lateral motion
on PCB EWOD electrodes can be achieved in the integrated planar wireless device. To
demonstrate droplet’s lateral motion on PCB EWOD electrodes, we also implement AM with the
wirelessly transmitted signal (1.75 MHz).

A droplet of 2 pl having conductivity of 1413x10* S/m is placed on PCB EWOD
electrode as shown in Fig. 43(a). Initially the clear oscillation is observed, and it is also observed
that small droplet is generated along the contact line which makes the captured images blurred.
While in one-step lateral motion (one step to left electrode (b), then one step to right
electrode(c)), the loss of droplet volume becomes more significant as it appears in Fig. 44(c) ~
(). No further lateral motion of the droplet is applicable. The corresponding waveform applied to
EWOD is also given in Fig. 43(g). As it can be seen from the waveform applied to the EWOD,
the signal contains the high frequency transmission component which makes the voltage drop
across the droplet. As a result, ohmic losses within the droplet occur and make the mother
droplet to produce the small droplets at the contact line. In addition, since the conductivity given
in this experiment is ~4 orders of magnitude higher than DI water (which means more ionized
molecules in the present droplet), the more vigorous small droplets are produced.

Unlike the wireless circuit prepared with spool-type coils in previous section, the planar
coil has the physical size limit, inherently both the transmission frequency and induction voltage
at the receiver are limited. Thus, in order for the present wireless circuit to be functional with the
droplet’s smooth lateral movement, the demodulation circuit needs to be added in which the high

frequency components are effectively removed, and thus droplet will not see the high frequency
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components after the demodulator resulting in significant reduction of the ohmic losses,
accordingly no significant volume loss of the droplet is expected while in the lateral
transportation. Thus, the further discussion is presented via the external demodulation circuit

installed in the current planar wireless circuit set-up.

Flmllll] U 20ms  Trig: A Prohe 10:1

Figure 43. Droplet’s lateral transportation (2 pl having ¢ of 1413x10™ S/m on PCB EWOD electrodes a ~ f) at 1.75

MHz of carrier frequency with 10 Hz AM signal (g).
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3.3.2 Experiments with External Demodulation Circuit

3.3.2.1 Addition of the Demodulation Circuit

The demodulation circuit composed of a diode and capacitor (1000 pF) is added in present
receiver circuit. The circuit set-up with the demodulator is illustrated in Fig. 44. Since the droplet
would not see any high frequency component by the demodulation circuit, the voltage drop
across the droplet is possibly decreased resulting in the larger span of contact angle, which

enables the droplet to transport without significant volume loss.
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Figure 44. Addition of demodulation circuit in the current planar wireless circuit. The demodulation circuit

composed of single diode (IN5399-E3/54) and capaciotr (10® F).

3.3.2.2 Droplet Transportation on PCB EWOD Electrodes

After the demodulation circuit is added, the droplet transportation experiment (2 ul having ¢ of
1413x10* S/m) is performed on PCB EWOD electrodes. The applied signal to the EWOD after
the demodulator is presented in Fig. 45(g) only showing the low frequency envelope (10 Hz). As
the captured images shown in Fig. 45(a) ~ (f), the first distinct feature is that the blurred images

are no more observed while in motion as opposed to the images seen in Fig. 43. However, the
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contact line of the droplet on the activated electrode, (e.g. the contact line in (b) and (d) in the
figure 45, marked red-dash line), the droplet is stuck on the electrode, the contact line becomes

wide and thus the further movement is hindered.

(9)
8 136 U2 5 ukU ez, 0L

Figure 45. The lateral transportation of droplet (2 pl having o of 1413x10™ S/m driving by 2.15 MHz of carrier
frequency with 10 Hz of envelope) one-step next electrode after the demodulator (a ~ f). The size of single EWOD

electrode is 1.2x1.2 mm?. (g) The demodulated signal is applied to the EWOD.

The one possible reason of the limited movement could be the surface condition of the
PCB EWOD electrodes. Surface roughness, defects and wettability at a separation line are
known to affect the contact angle and contact angle hysteresis [87, 88]. If there are sufficient
numbers of defects or surface is not even, the droplet might not be able to move even in the

application of the electric potential. We have prepared three EWOD electrodes in different
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substrates and electrode materials conditions. PCB electrode (~15 pm of Cu thickness) in (a), Al
electrode (~100 nm thick) fabricated on SiO, wafer in (b), and Au electrode (~100 nm thick)
fabricated on glass substrate in (c) are illustrated in Fig. 47. Out of three samples, the EWOD
electrode fabricated on PCB expresses the roughest surface condition compared with other two

electrodes in which droplet’s lateral transportation on PCB EWOD electrodes is limited.

EWOD electrode on PCB

EWOD electrode on Si wafer
b) Al ~100nm

200 pm

EWOD electrode on Si wafer
Au ~ 100nm

Figure 46. Three different EWOD electrodes prepared on PCB (a), Al on Si (b), and Au on Si (c).

By comparison with Al EWOD electrodes fabricated on Si wafer, we could observe more
smooth and continuous transportation of the droplet. The droplet’s lateral transportation captured
in Fig. 47 is performed under the same applied potential given in Fig. 45(g) except for the

EWOD electrodes condition. Initially the droplet’s oscillation is observed (Fig. 47(a)), although
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the image doesn’t show the oscillation clearly, by the sequential activation to the next adjacent

electrode, the smooth and continuous lateral movement is achieved.

“EWOD ® |
electrodes

Figure 47. The sequential movement of the droplet (2 ul having o of 1413x10™* S/m) on Al EWOD electrodes on Si

wafer at 2.15 MHz with 10 Hz AM signal. The applied signal is same as the one in Fig. 45(g).

3.3.3 Summary and Conclusion

In this chapter, the development and experimental verifications of planar wireless powering for

EWOD actuation were presented and discussed. First, the wireless powering was achieved by
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planar PCB coils (not by spool-type or commercial coils), resulting in seamless integration with
EWOD array electrodes on a single and compact chip. The obtained voltage for wireless EWOD
was over 230 V at 2.6 MHz without droplet installation, which is much higher than typically
required EWOD voltages. Although the overall peak behavior was similar with the tuned circuit
presented in the previous chapter, the more wide and broad range of peak behavior was obtained
due to the intrinsic properties of the planar coil (low L and high R). As a consequence, the peak
or transmission frequency was slightly shifted by addition of the droplets or external
demodulation circuit. AM technique was also applied to the present wireless powering in order
to oscillate droplets and we could observe the droplets oscillation even in the higher transmission
frequency (~MHz range). For the efficient droplet’s lateral actuation, we added the external
demodulation circuit in front of the EOWD and we could demonstrate the lateral transportation
of the droplet while in oscillation. It is obvious for the planar coils that the addition of the
demodulation circuit is practically important due to the reduction of significant voltage division

effect caused by the high transmission frequency.
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40 APPLICATION OF PLANAR WIRELESS EWOD

In this chapter, applications of the planar wireless EWOD are presented. The planar structured
wireless EWOD device is applied to the particle collection system and it is demonstrated by the
droplet’s lateral actuation while sweeping and collecting the particles. The planar wireless device
is further applied to a mini-boat or floating object propulsion system, and the boat installed with

the wireless devices is operated by the EWOD principle.

4.1 PARTICLE COLLECTING

4.1.1 The Concept of Particle Collecting

Potentially harmful particles existing in an airborne cloud of matter as a solid, liquid, or gas in
environments can result in many adverse health effects such as asthma, infection, toxic reaction,
hypersensitivity, and etc. To prevent exposure to harmful particles, many studies have been
performed to find the better particles sampling methods [89, 90].

The particle collecting concept typically comprises two main steps: sampling (collecting)
and analysis. Usually in a conventional sampling system, once the particles of interest are
collected, they are analyzed in a laboratory scale which requires many analysis facilities. Unlike

the conventional laboratory scale sampling and analysis performed so far, the lab-on-a-chip
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based particle sampling has many advantages: automation, high throughput and short processing
time. However, there still remains challenging issues such as many manual steps and large
volume of the liquid [7].

In the previous studies performed by Zhao [91], theoretical and experimental works along
with microfabricated testing devices were done and the underlying physics and optimal sampling
conditions were investigated. Figure 48 represents the envisioned particles sampling system
suggested by Zhao. The particles of interest are stopped on a filter membrane in the mean while
air suction is applied through the filter membrane. Then a liquid droplet is transported around on
the filter membrane by the EWOD principle [5], and the particles on the filter surface are
collected into the droplet. The collecting of the particles from the surface is caused by the
interfacial surface tension. Finally, the collected particles with the droplet are transported

automatically to a lab-on-a-chip analysis system by EWOD actuation [7, 91].

Air flow with particles , . )
Filter membrane region Cover ¢lass

EWOD electrode <

’

» Spacer
Droplet Suction Air

Figure 48. Airborne particle collection system integrated with digital microfluidics for sample analysis [91]. The

droplets are transported by activating the array of electrodes by EWOD, collecting the particles on the filter

membrane. The droplets containing the particles are automatically transported by EWOD to the next section for

downstream on-chip analysis.

85



Although the idea of a lab-on-a-chip analysis by the droplet actuation based on EWOD
has been enabled for the particle collecting and analysis to be simple, and thereby the scale of the
analysis facilities are reduced with the small volume of the droplet [7, 91], the studies were
performed in the cumbersome wiring between fragile Si filters and power circuitry. The
complicate wiring structure and power circuitry still remains challenging tasks to overcome,
while the EWOD with advanced analysis technique is struggling to find new area where the
remote operation is necessary to extend its application.

As it is easily found in lab-on-a-chip EWOD, whether the system is open or closed,
conventional EWOD system is designed on a planar structure electrodes to make the droplet’s
horizontal and lateral actuation easier while performing its function. One way to overcome the
complicate and inconvenient electrical connection of current EWOD system, the application of
the planar powering devices to conventional EWOD will contribute as a potential platform
resulting in compact and reduced lab-on-a-chip system having more convenient sampling cycle
with high robustness.

The sketch of suggested planar wireless EWOD device for the particle collecting system
is illustrated in Fig. 49. The entire device mainly consists of two units on a horizontal plane:
EWOD device for the particle collecting and the wireless powering device for the droplet
actuation. The structure is much simpler than the conventional EWOD actuation system. The
wirelessly delivered power activates the electrodes in which droplet can move laterally on the
horizontal EWOD electrodes while collecting the particles. After collecting the particles, EWOD
device with particles are easily detached from the main wireless platform for the further analysis
while the wireless powering device is waiting for next EWOD device. Eventually this simple

cycling by planar wireless platform would facilitate more rapid and accurate analysis.
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Top view Side view
Cover glass

Receiver coil

(1

Transmitter coils

\

Droplet with particles Spacer

EWOD electrodes

Figure 49. A schematic view of planar wireless EWOD for particle collecting. The upper integrated chip includes

micro-fabricated receiver coils for wireless powering and EWOD electrodes for the droplet actuation.

4.1.2 Demonstration: Particle Collecting by Planar Wireless EWOD

Transmitter Demodulator

circuit
Planar wireless coils
EWOD device and
Spacer ———— = Top cover glass

Transmitter coils

Figure 50. A schematic of the integrated wireless droplet actuation system. The system consists of the planar
receivers and the demodulation circuit (capacitor+diode) with EWOD array electrodes on PCB (upper plate). Each
receiver coil has a rectangular shape (outer dimension < 2.3 cm) and center-to-center aligned with homemade

transmitter coils (bottom).
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In order to demonstrate the particle collecting with the planar wireless device, a
hydrophilic particle type that is borosilicate glass beads (40 um in diameter, 9000 series, Duke
Scientific Inc.) is selected. The circuit set-up is same as the one given in Fig. 44. The wirelessly
transmitted AM signal (2.15 MHz of carrier and 100 Hz of envelope frequency) is demodulated
and thus the droplet only meets the low frequency yet high voltage signal as given in Fig.
51(upper red waveform). The corresponding AM signal at the transmitter circuit is also given in

Fig. 51 (bottom blue waveform).

Teig ff B=100

Figure 51. The wirelessly transmitted signal to the EWOD in red (upper) after the demodulation and the

corresponding transmitter signal in blue (bottom) having 2.15 MHz of carrier and 100 Hz of envelope frequency.

The demonstration of sequential motion (captured images) is shown in Fig. 52. An array
of the driving electrodes is patterned in a way that the droplet moves in a lateral path. The
particles are deposited on the electrodes with care and the distribution of particles is improved by
manually and gently tapping the margin area of the EWOD device. By sequential activation of
the EWOD electrodes, the droplet sweeps and collects the particles inside the droplet while in

lateral transportation simultaneously. The electrodes on which the droplet has passed become
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clear indicating that the particles rarely remain on the path. Finally, the collected particles are
suspended inside the droplet. After collecting the particles, the top glass plate is removed to
enhance evaporation. About 10 minutes later the water droplet is completely evaporated, as

shown in the last photo in Fig. 52, leaving a stack of the collected particles.

Figure 52. Demonstration of particle collecting by wirelessly transmitted signal (2 pl of DI water droplet). The
transmission and envelope frequency is 2.15 MHz and 100 Hz respectively. The sequential motion of droplet

colleting the 40 um of glass beads. The final photo shows a stack of collected particles after the evaporation.
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4.2 MINI-BOAT PROPULSION BY WIRELESS EWOD

4.2.1 The Concept of Mini-Boat Propulsion by EWOD

Vertical oscillation at the three-phase contact line operated by AC EWOD can be utilized to
propel the mini-boat or floating object (few cm in size). EWOD electrode installed on the mini-
boat is partially immersed in water and thereby net streaming flow is generated by contact line
oscillation activated by AC signal [92, 93]. Except for the controllable parameters, such as AC
frequency, signal voltage, dielectric layer thickness, and water conductivity, that may affect the
propulsion speed, since the propulsion force is very small (several tens of micro-Newton), some
other external factors, such as environment air flow and force from bended connection wires, can
also strongly influence the propulsion. The water floating objects system can be potentially
applied to environment monitoring systems and surveillance security systems.

In conventional boat propulsion system as illustrated in Fig. 53, the mini-boat devices
have been powered by thin copper wires (typically ~30 um in diameter) to minimize the effects
of wire bending to the direct boat motion, which might be able to limit the propulsion of the boat.
Instead of employing the thin wire in the mini-boat propulsion system, the wirelessly operated
system would prevent the adverse effect from the propulsion. The boat equipped with wireless

device propelling by EWOD principle without thin wires is described in Fig. 54.
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EWOD electrode .
\ Propulsion

4
ﬁ" Boat

AC 6,

Ground electrode

Water

Figure 53. Typical mini-boat propulsion system by EWOD principle.

For the successful wireless operation, there are several factors to be considered. Since the
propulsion speed reaches the peak at around 100 Hz and monotonically decreases to zero at
around 1 kHz, the wirelessly transmitted high frequency signal (up to MHz range) cannot be
directly applied to EWOD electrodes. To apply a low frequency signal from the wirelessly
obtained high frequency yet high voltage signal, the AM (envelope frequency <1 kHz) needs to
be implemented followed by demodulation circuit for the vertical oscillation at the interface. The
air/water interface area plays a critical role for the vertical oscillation driven by the AC
electrowetting. If the total weight of the wireless boat propulsion system (boat and wireless
receiver unit) is too heavy, the interface area would be increased accordingly. As a result, the
drag force (not by the electrowetting) will be also increased. Thus, the weight of the boat and

wireless system needs to be minimized to satisfy the EWOD driven boat propulsion.
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Figure 54. The wireless mini-boat propulsion system.

4.2.2 Demonstration: Wireless EWOD Mini-Boat Propulsion

A transparent box-type mini-boat with an open top (3.8x3.2x1 cm®) is prepared. Two planar
receiver coils having 20 and 42 winding-turns are connected and stacked in series. The
fabrication process is illustrated in Fig. 55(a). For EWOD electrodes as shown in Fig. 55(b), two
flexible Cu sheets (18 um of Cu thickness) coated with the parylene (2.5 um of thickness) are
glued on the sidewall of the boat in Fig. 55(c) and Teflon layer is also coated on top of the
parylene layer. The ground (aluminum) electrode is also installed on the bottom side of the boat.
The total weight of the wireless boat is approximately 7.1 gram after all the devices and

electrodes installation. The photo of the wireless EWOD boat is shown in the Fig. 55(d).
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(a) Cu (©)

! Ground
Printed Circuit Board electrode
EWOD
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l Parylene deposition
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Figure 55. Microfabrication process of wireless EWOD boat: (a) Patterning of receiver coils (line width70 um and
spacing 50 pm) on Cu (15 um) on PCB. (b) EWOD electrode (18 pm of Cu sheet.) (c¢) EWOD electrode and ground

electrodes installed on boat. (d) Photo of wireless EWOD boat (overall dimension 3.8x3.2x1 cm?).

An equivalent electric circuit in wireless boat is sketched in Fig. 56. The transmitter coil
(similar to that of shown in Fig. 37(d)) is circular shape of 2.3 cm outer diameter and has the
inductance of ~0.5 pH with 1.5 winding-turns around a ring shaped air-core ferrite, and it is
connected with a capacitor (Ci = 4700 pF) in parallel. The receiver circuit is composed of two
planar coils in series (20 turns of L, = ~12 pH and 42 turns of L, = ~30 uH), a capacitor (Cr. = 22
pF), and a demodulation circuit, which eventually transmits the low frequency yet high voltage
to the EWOD electrodes. The demodulation circuit consists of the diode (IN5399-E3/54, Vishay

General Semiconductor) and ceramic capacitor (1500 pF).

93



————————————

Transmitter Receiver /- N
> — 0

to EWOD electrodes

ie)
|
1
I
—
1
i
ig)
D

re

|
|
[}
|
|
1
[}
|
|
[}
|
|
1
1
|
1l

7
~ -

Demodulator

Figure 56. An equivalent electric circuit using magnetic induction. Ly and C; is the inductance and capacitance of
the transmitter, L, and C,, is the inductance and capacitance of the receiver. Finally, demodulation circuit (diode and
capacitor) is also installed with the wireless powering devices to transmit the low frequency yet high voltage signal

to EWOD electrodes.

The overall experimental set-up for the wireless boat propulsion system is pictured in Fig.
57. The transmitter coil sitting on the position controller is directly located the bottom of the
water pool and the water container is filled with ~10 mm water. The digital camera is positioned
on top of the water pool to monitor the propulsion in real time. The position of transmitter coil is

controlled manually while boat propulsion.
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Figure 57. A photo of wireless boat propulsion set-up.

The voltage output is measured at the two terminals of the planar receiver coils after the
wireless circuit installation. Fig. 58(a) shows the induced voltage at the receiver terminals over
the frequency. The attainable induction voltage is 166 V at 2.7 MHz. Fig. 58(b) also shows that
the separation distance (between transmitter coil and wireless receiver coils) versus the induced
voltage at the receiver coil measured at 2.7 MHz. By increasing the input voltage from the
function generator, the maximum attainable voltage could be increased up to 237 V when the
two coils are in contact distance. Note that the measurement is performed not in the water pool
but in ambient air. The induction voltage of ~100 V can be obtained up to ~1 cm of the
separation distance between the transmitter coil and planar receiver coil while in center-to-center

alignment.
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Figure 58. (a) Induced voltage at the receiver without droplet vs. the transmitting frequency. (c) Separation distance

between (transmitter and planar receiver coils) on the induced voltage at the receiver (frequency=2.7 MHz).

The sequential snapshots of the boat propelled wirelessly in the water container are

demonstrated in Fig. 59(a). The transmitted wireless signal (3.5 MHz of carrier frequency) is
amplitude modulated with the 50 Hz of envelope. The AM signal is demodulated as the
waveform shown Fig. 59(b) and eventually applied to the wireless boat. The wireless boat
propels and moves forward at approximately ~5 mm/s. While in propulsion, the strong ripples on

back side of boat generated by vertical oscillating at the contact line is clearly observed as shown
in Fig. 59(c).
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Figure 59. The sequential snapshots of wireless boat propulsion (a). The corresponding waveform after

demodulation (b) 50 Hz of envelope frequency. The captured ripples on back side of boat while in propulsion (c).
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5.0 CONCLUSION REMARKS

The wireless EWOD operation of droplets actuation has been experimentally demonstrated via
magnetic induction. The magnetic induction which essentially utilizes AC input signal has
advantages for wireless EWOD operation since EWOD responds not only DC but also AC
applied signal and droplets oscillation can be easily achieved by embedding AM in the
transmission signal. The higher transmission frequency is desirable to increase the induction
efficiency at the receiver, however, droplet would not show any contact angle change due to
voltage division over the droplet with EWOD area. As a consequence of the higher transmission
frequency, the voltage at the receiver accordingly to the EWOD has to be higher than typically
required EWOD voltages. This implies that the transmission frequency has to be incorporated
with the given EWOD system. The inductance value that is strongly dependent of the coil’s
geometry is the key parameter to determine the transmission frequency. The addition of the
external capacitor at the receiver circuit can be possibly avoided for simple and compact wireless
EWOD in particular at the higher transmission frequency since the EWOD with droplet itself act
as a capacitor.

In the mean-time, it is found that the droplet in certain condition has a function to directly
respond to the low frequency envelope signal in the application of AM. This function is similar
to the demodulation process. AM demodulation is an indispensable step to recover the low

frequency envelope signal that is embedded in the high frequency carrier signal, however, it is
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theoretically and experimentally verified that the EWOD droplet itself has the functionality of
inherent AM demodulation. This means, the droplet oscillation can be achieved without addition
of any artificial demodulation circuit. In practical point of view, the addition of the external
demodulation circuit could be beneficial by incorporating with the magnetic induction. With the
addition of the external, the EWOD can be operated with the low frequency (<1 kHz) yet high
voltage.

The presented notion of wireless EWOD is possibly further extended to the area where
the EWOD operation is essentially required yet seemingly believed to be hard-to-reach, to

facilitate the remote and simple control of EWOD.
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