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ABSTRACT

A Lab on a Chip device scales down multiple laboratory processes to a chip capable
of performing automated chemical analysis. Electrowetting on Dielectric (EWOD) is
a lab on a chip technology which uses patterned electrodes for droplet manipulation.
The main limitations of EWOD devices are the restriction in volume and motion of
droplets due to the shape and layout of the electrodes. Optoelectrowetting on dielec-
tric (OEWOD) device uses optical sources and electric field for droplet actuation. In
this research, we report an open surface light-actuated OEWOD device which can
manipulate droplets of multiple volumes ranging from 1 to 50 pL. at voltage as low
as 53 Vpe. Compared with previous open configuration devices, we added a dedi-
cated dielectric layer (AlyO3) of high dielectric constant(e, = 9.1) and significantly
reduced the thickness of the hydrophobic layer to achieve low voltage droplet manip-
ulation. The device is capable of transporting droplets at a maximum speed of 12
mm /sec (120 Vpe). The lateral electric field applied with the help of contact pads in
both the vertical and horizontal axes helps us achieve multi-axis droplet movement
at equal velocities. The behavioral changes in droplet actuation influenced by the

optical pattern dimensions with the droplet volume is also reported.



CHAPTER 1: INTRODUCTION

Lab on a Chip (LoC) technology scales down multiple laboratory processes to a
chip, capable of combining sequences to perform automated chemical analysis. Mi-
croelectromechanical systems(MEMS) are miniaturized versions of micro-fabricated
mechanical and electro-mechanical elements. It varies from relatively simple struc-
tures having no moving elements, to extremely complex electromechanical systems
with multiple moving elements. LoC devices are a subset of MEMS devices and often
called as Micro Total Analysis Systems (uTAS).

A Lab on a Chip device can be viewed as a platform that perform functions of an or-
ganic analytical laboratory like sample pretreatment, sample transportation, mixing
reaction, separation, and detection in micro volumes. A distinct benefit of minia-
turized LoC systems is the dramatic (potentially thousand fold) reduction of sample
consumption and increase in throughput [1].

Digital microfluidics is a multidisciplinary field which combines the knowledge of
physical and chemical nature of fluids along with the micro-fabrication techniques.
Digital microfluidics is applied to control and measure chemical reactions and bio-
logical processes in the micro/nano range. It also deals with the behavior, precise
control, and manipulation of fluids that are geometrically constrained to a small, typ-
ically microscopic scale. The field of digital microfluidics is at the intersection of engi-
neering, chemistry, microtechnology and biotechnology, with practical applications to
micro-volume design systems. Compared to continuous flow-based techniques, digital
microfluidics offers the advantage of individual sample addressing, reagent isolation
and compatibility with array-based techniques.

Research exploration in digital microfluidics started in the early 1950s. In 1951,



2
Elmqvist reported the first practical Rayleigh break-up ink-jet device [2] by control-

ling and dispensing liquids (nL), revolutionizing the present ink-jet technology [3].
Terry et al. [4] in 1979 reported a microfluidic device which introduced microchan-
nels in silicon wafer. Later, Shoji et al. [5] in 1988 implemented micro-valves in
silicon wafers followed by Lintel et al. [6] with micro-pumps. Lintel et al. used silicon
micromachining for micro-pumps and actuated it using piezoelectric discs.

Droplet manipulation technologies are versatile and include surface acoustic waves,
thermocapillary forces, electrowetting, dielectrophoresis, and magnetic forces. Among
these methods, electrowetting provides the advantage of fast response time, easy
implementation, and large forces from the millimeter to micrometer scales. Elec-
trowetting is the modification of the wetting properties of a surface with the help
of external voltage. In other words, it is the electrostatic modulation of the surface
tension between a solid (electrode) - liquid (droplet) interface, providing high level of
control across the surface of the substrate. Microfluidic devices which work using the
electrowetting principle for droplet movement are called electrowetting on dielectric
(EWOD) devices. Figure 1.1 shows the cross-section of EWOD devices along with its

layers.

Glass substrate

ITO coating —————=

Hydrophobic layer — < Droplet > Silicone oil medium

Dielectric layer
Metal electrodes (Gold) ————= 1 [

Glass substrate

Figure 1.1: Cross-section of the EWOD device. The parallel substrates are separated
by spacers and the droplet is sandwiched between the substrates.

The main limitation of the EWOD devices are the restriction in the droplet volume
depending on the size of the electrode and the restriction in the droplet motion de-
pending on the layout of electrodes. Moreover, the droplet manipulation is restricted

to the regions where the electrodes are coated. To overcome these limitations, op-
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tical patterns are used for droplet manipulations. The size of optical patterns can
be changed depending on the droplet volume. Optoelectrowetting (OEW) is a light-
actuated droplet manipulation technique using optical sources and electric field. The
optical source generating the patterns ranges from a laser [7] to LCD screen [8]. The
OEW devices are coated with a featureless photoconductive layer to eliminate the
patterned electrodes. Its main advantages are the simplicity in fabrication process
and large droplet manipulation region compared to EWOD devices. The devices
which work using OEW for droplet manipulation are called optoelectrowetting on
dielectric (OEWOD) devices.

The EWOD and OEWOD devices can be further classified into open configuration de-
vices and closed configuration devices (Figure 1.2) based on the number of substrates
used and the application of electric field. Closed configuration is a way to manipu-
late droplets sandwiched between two parallel substrates. The top substrate acts as
a common ground, and the bottom surface is used to apply electric field. EWOD
devices are generally closed configuration because it is easy to automate the process
of switching voltages between the electrodes. Open configuration devices use lateral
electric fields for droplet manipulation, and they have only one substrate acting as
a platform for droplet manipulation. The advantage of using open configuration is
because it is easy to interface the OEWOD device with other microfluidic structures
such as on chip reservoirs to increase its versatility for biochemical analyses [9].

The open configuration OEWOD devices reported so far require a few kilovolt for
droplet actuation [10]. It is difficult to achieve multi-axis motion in the OEWOD
device because the droplet manipulation is difficult in the direction perpendicular to
the applied electric field. In this research, an open configuration OEWOD microfluidic
device was fabricated. The OEWOD device is capable of transporting droplets at
voltages as low as 53 Vpe. The device is also capable of performing multi-axis

droplet motion at a maximum droplet velocity of 12 mm/sec at 120 Vpeo. The
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Figure 1.2: Difference between open configuration and closed configuration device.
The open configuration devices have only one substrate and the external voltage
is applied at the sides. The closed configuration device have a pair of substrates
separated by a spacer and the droplets are sandwiched between the substrates. The
external voltage is applied at the bottom substrate and the top substrate is used for
connecting common ground.

significant reduction in droplet actuation voltage along with the enhanced capability
of low voltage multi-axis manipulation using this OEWOD device is a step towards

achieving a portable light-actuated microfluidic device.



CHAPTER 2: RELATED WORK

Electrowetting on dielectric (EWOD) devices are typically fabricated using metal-
lic layers and photolithographic procedures [11] [12]. The metallic layer is etched to
form individually addressable positions called electrodes. The size of an electrode de-
fines the size or volume of droplet to be used. The electrode layer is covered with an
insulating dielectric layer and hydrophobic layer. Fair et al. [12] explained the droplet
movement mechanism and the influence of the dielectric layer in droplet motion and
actuation speed.

The droplet movement is achieved by the contact angle difference at the ends of
a droplet due to the voltage drop across the dielectric region. The relation between
contact angle difference and the local voltage drop across the dielectric layer is given

by the Young-Lippmann’s equation [13] [14].

1
0, = cosfy + —cV? 2.1
cos cos Oy + 270 (2.1)

where 6, is the contact angle of the droplet at applied voltage (v), and at voltage,
0y is the contact angle of the droplet at initial position when no voltage is applied , ~
is the surface tension at the solid (device) - liquid (droplet) interface, V' is the voltage

drop across the dielectric layer, and c is the effective capacitance of the dielectric layer.

Wheeler et al. [11] reported that the EWOD device can be fabricated without using
the clean rooms. They reported three different cost effective microfluidic devices fab-
ricated using polyethylene wraps and water repellents on copper substrates. Droplet

volumes from 1 to 12 plb are manipulated.



The minimum voltage required for a droplet movement is called the threshold voltage
or actuation voltage. The threshold voltage of an EWOD device varies depending
on the medium in which the droplet is manipulated. Generally the droplets are ma-
nipulated either in air medium or in an insulating oil medium (silicone oil). When
compared to the air medium, the threshold voltage required for droplet manipulation
is significantly lower in the oil medium [15]. The insulating oil adds lubrication to the
droplet surface. As a result, the frictional force (opposing force acting on the droplet)

is lower in the oil medium than in the air medium.

The threshold voltage is influenced by the dielectric layer [16]. A dielectric mate-
rial is a poor conductor of electricity, but an efficient supporter of electrostatic fields
[17]. The threshold voltage can be reduced by increasing the effective capacitance
across the dielectric layer [13] [18]. The effective capacitance of an EWOD device can
be increased by increasing the dielectric constant and decreasing the thickness of the
dielectric layer. Fair et al. [18] fabricated multiple dielectric layers (tantalum pen-
toxide (T'a20;), Aluminum Oxide (AlyO3), ParyleneC, Barium strontium titanate
((Ba,Sr)Ti0O3, BST)) to increase the dielectric constant and reduced the threshold

voltage as low as 6 V.

The velocity of droplet movement in an EWOD device is influenced by the exter-
nal voltage applied [15]. The droplet velocity increases by increasing the applied
voltage and velocities as high as 12 cm/sec are reported [19]. The maximum average
velocity in EWOD device is 40 times faster than electrochemical actuation [20]. Al-
though thermocapillary [21] and dielectrophoretic [22] methods can achieve droplet
velocities equal to EWOD devices, both the methods result in substantial heating of
the droplet [15].



All the above mentioned devices use patterned electrodes for droplet movement. The

main limitations of the EWOD devices are:
e The volume of droplets used depend on the size of the electrode.
e The motion of the droplet depends on the layout of electrodes.

e The droplet manipulation is restricted to the regions where the electrodes are

coated.

Light driven droplet manipulation can be used to overcome the limitations ob-
served in EWOD devices. The light driven droplet manipulation can be achieved
using several methods like direct optical force actuation ([23] [24]), optothermal actu-
ation ([25] [26]), and optoelectronic actuation. Optoelectronic actuation can be sub-
sdivided into optoelectrowetting and optoelectronic tweezers. Among these methods,
optoelectrowetting (OEW) is an effective technique for its fast response, easy imple-
mentation and reliability. Devices which work using optoelectrowetting for droplet
manipulation are called optoelectrowetting on dielectric (OEWOD) devices. The OE-
WOD devices typically works using optical source and external voltage. The device
is coated with a featureless photoconductive layer followed by an insulating dielectric
layer and a hydrophobic layer. Optical patterns are generated from the optical source
and focused on the photoconductive layer. These optical patterns act as the electrodes
for moving the droplets and can be also referred as wvirtual electrodes. The OEWOD
devices are capable of transporting droplets of multiple volumes ranging from 250 pL
to several uli due to the flexibility in virtual electrode dimensions. The OEW devices
were first reported by Chiou et al. [7] who used laser beams (65 mW /cm?) for droplet
manipulation. The OEW device can perform operations like droplet injection, trans-
portation, separation, and multi-droplet manipulation. The main limitation of the

device is the presence of Indium Tin Oxide (ITO) electrodes in the device structure.



These electrodes restrict the droplet volume as observed in EWOD devices.

Chiou et al. [27] replaced the ITO electrodes with a featureless aluminum film.
The authors used Helium Neon (HeNe) laser as the optical source for droplet volumes
ranging from 10 to 50 pL and achieved droplet motion at 1 mm/sec. The device works
using closed configuration model and the average velocity of droplet is very low (1

mm /sec) when compared with the EWOD devices (12 mm/sec).

Chiou et al. [28] reported an open surface floating electrode optoelectronic tweezers
(FEOET) in which the aluminum film is replaced with two layers of photoconduc-
tive amorphous silicon (undoped a-Si:H (0.5 pm) and doped a-Si:H (0.1 um). Here
the authors used laser beams (4.08 yW/mm?) and achieved a droplet motion at 85.1
pum/sec. The advantage of using open configuration model is the ability to interface

and integrate other microfluidic structures such as microwells [28].

Since laser beams require expensive, difficult, and sometimes hazardous setup, Pei
et al. [29] reported a light-actuated droplet manipulation (LADM) device in which
the optical source is replaced from laser to a conventional data projector (DELL
4210X). They used a thin oxide layer (AlyO3) of high dielectric constant (g, = 9.1)
and increased the effective capacitance of the dielectric region. The increase in effec-
tive capacitance helped in achieving droplet movement at threshold voltage as low as
16 Vac. The aggressive scaling of the dielectric thickness helps to achieve high speed

droplet manipulation (2 cm/sec) in low optical intensity (3 W/cm?) [29].

Later, Chiou et.al [8] reported a Single-sided continuous optoelectrowetting (SCOEW)
device which uses LCD screen for droplet actuation. The authors used a continuous

photoconductive layer (0.5 pm, a-Si:H) and a thick dielectric layer (1 pm, CYTOP).
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The electric field is applied at the sides of the droplet manipulation region using alu-
minum contact pads (0.1 pm). The authors explained that the electrowetting voltage
across the capacitors in the non-illuminated sites (virtual electrode) and illuminated
sites is determined by the relative ratio of photoresistances and not the absolute val-
ues. This unique property allows the optical actuation of droplets with low optical
intensity. The SCOEW device is an open configuration model and the authors suc-
cessfully integrated on-chip reservoirs. An on-chip reservoir can dispense droplets at
specified intervals of time with less than 0.91% volume variation. The main limitation
of the SCOEW device is that it requires high voltage (a few kilovolts [10]) for droplet
actuation. Moreover, the droplet motion is achieved in the direction parallel to the
applied electric field and it is difficult to manipulate droplets in the perpendicular

direction.

In this research, an OEWOD device was fabricated that significantly improved upon
the performance of the previously reported open configuration devices [10]. When
compared with the most recently reported open configuration device [8], the effective
capacitance of the dielectric region is increased by adding a dedicated dielectric layer
(Aly03, 25 nm) of high dielectric constant (¢, = 9.1) and reducing the thickness of the
hydrophobic layer. By increasing the effective capacitance, the threshold voltage is
reduced from a few kilovolt to 53 Vpe. Low voltage multi-axis droplet manipulation
was successfully demonstrated by enhancing the electric field strength surrounding
the droplet manipulation region. The device has operated at speeds as high as 12
mm /sec and is capable of performing operations like mixing, merging, and parallel

droplet manipulation.



CHAPTER 3: ELECTROWETTING ON DIELECTRIC (EWOD)
DEVICE

3.1 Working Mechanism

Electrowetting is the modification of wetting property of the surface to achieve
contact angle change at the droplet ends for droplet manipulation. The EWOD device
consists of patterned electrodes fabricated using photolithographic process followed
by the dielectric layer and hydrophobic layer. The dielectric layer/ hydrophobic layer
can be modeled as capacitors. The droplet to be manipulated is introduced on top
of the electrode. Electrowetting is influenced by the droplet only when a portion of
the droplet overlaps the adjacent electrodes (Figure(dash)). As a result, the volume

of the droplet used is based on the dimension of the patterned electrode.

1l

Figure 3.1: Top view of an EWOD device. The gold slots are the electrodes where
the droplets are manipulated.

Figure 1.1 shows the cross-section view of an EWOD device. The electrode housing
the droplet is referred as the N** electrode. The adjacent electrodes are referred as

(N + 1) and (N — 1) electrodes.
3.1.1 Contact angle at zero voltage

The droplet’s initial contact angle will be greater than 90° due to the hydrophobic
layer. When there is no voltage applied at the electrodes, there will be no contact

angle change at the droplet ends and the droplet remains stationary.
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Figure 3.2: Droplet’s contact angle at zero voltage. The electrode where the droplet
is introduced is referred as the N electrode. The adjacent electrodes are referred as
(N +1)" and (N — 1)™ electrodes.

3.1.2 Contact angle when external voltage is applied

When external voltage is applied at the adjacent electrode, the elctrode conducts
the electric field and all the voltage drop will be across the dielectric layer. The
dielectric layer/ hydrophobic layer (capacitors) induce charge (@) buildup at the
device-droplet surface expressed using Equation 4.2. The energy associated with the

charge buildup (Q) is called the electrostatic energy.

Q=CxV (3.1)

As per Equation 4.2, the charge buildup increases when the voltage drop across
the dielectric layer is increased and as a result the electrostatic energy increases.
The force acting between the molecules of the droplet is called surface tension. The
electrostatic energy reduces the surface tension of the droplet at the overlapping
region of the conducting electrode ((N + 1) electrode) [30] [15] [13]. The relation
between surface tension reduction at the droplet-device interface and the voltage drop

across the dielectric layer is expressed using Lippmann’s equation [30].
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€
Y="% — ﬁ‘ﬂ (3.2)

where 7 is the reduced surface tension of the droplet at v voltage, 7y is the initial
surface tension of the droplet at zero voltage, € is the dielectric constant of the
dielectric layer, d is the thickness of the dielectric layer, and V is the voltage drop
across the dielectric layer.

he reduction in surface tension causes improved droplet wetting at the droplet-
device interface. As a result, the droplet’s contact angle is reduced (< 90°) at the end
where voltage is applied. The difference in contact angle creates a pressure gradient
which leads to the bulk flow of droplet towards the conducting electrode [15].

The relation between the droplet contact angle change and the voltage drop across

the dielectric layer is expressed using Young-Lippman’s equation 4.4.

11
cosf = cos by + ——cV? (3.3)
v 2

where 6 is the contact angle of the droplet at v voltage, 6, is the initial contact
angle of the droplet at zero voltage, ¢ is the capacitance per unit area across the

dielectric region, and V' is the voltage drop across the dielectric layer.

Common Ground

—

/’/ Droplet \Gv

. i [CICICIOIO)
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OOOOG
Dielectric Layer
- ©10]0ICI0)
[ L N-1T J[ N J[N+1 ||
Metal Electrodes

Figure 3.3: Charge build up in droplet surface. The droplet’s contact angle will be
reduced at the end where the external voltage is applied.
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3.2 Fabrication Process

The devices are fabricated in Class 100 clean room facilities in UNCC, Char-
lotte and Georgia institute of technology, Atlanta. Before beginning the fabrication
process, the photomask should be created to imprint the electrode layout design on
the EWOD device. The region where we need the electrodes to be coated on the
EWOD device will be covered by chrome in the photomask (Figure(photomask)).
The photomask used for this research was designed using AutoCAD in UNCC and
manufactured by Photosciences, Inc.

The following steps explains the clean room fabrication process of an EWOD

device.

1. The substrate used are clean polished glass wafers (4” diameter) manufactured

by PG&O,Inc.

2. Clean the glass substrate in piranha solution (7:3 - concentrated sulfuric acid :

30% hydrogen peroxide) for 10 minutes to remove the organic residues.

3. Coat the substrate with chromium (10 nm) and gold (100 nm) using Electron

beam deposition (Lesker PVD75) as a seed layer.
4. Rinse the substrate with acetone, methanol, and DI water.
5. Bake the substrate on a hot plate at 100° C' for 5 minutes.

6. Spin coat the substrate using Shipley S1815 photoresist at 3000 R.P.M for 30

seconds.
7. Bake the substrate on a hot plate (CEE) at 115° C' for 2 minutes.

8. Expose the substrate to Ultra Violet beam (35.5 mW/cm?, 365 nm) through

the photomask using a mask aligner (Quintel) for 13 seconds.

9. Immerse substrate in MF319 developer for 60 seconds.
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10. Post bake substrate on a hot plate (CEE) at 100° C' for 2 minutes.

11. Immerse substrate in gold etchant for 60 seconds followed by chromium etchant

for 30 seconds.

12. Rinse the substrate in DI water and post bake at 100° C' for 2 minutes.

13. Coat the substrate with Al,O3 (50 nm) using Atomic Layer Deposition. !.

14. Spin coat the substrate with 2 % Teflon (1:2 - 6% TeflonAF : Flourinert FC40)
(250 nm) using spin coater (Laurell) at 3000 R.P.M for 60 seconds.

15. Post bake the substrate at 160° C' for 10 minutes.

16. Spin coat 2 % Teflon on a separate Indium Tin Oxide (ITO) glass slide (2.5 cm
x 5 cm) using spin coater (Laurell) at 3000 R.P.M for 60 seconds. This glass

slide is used as the top substrate for ground connection.

17. Post bake the substrate at 160° C for 10 minutes.

Figure 3.4: Top view of a photomask

3.3 Interface electronics

Droplet manipulation in EWOD device can be automated using microcontrollers.
In this research, ATMegal28 microcontroller was used to automate the process. The
output voltage of the microcontroller is 5 V and this voltage is not enough for manip-
ulating the droplets. The lowest threshold voltage reported so far is 6 V and so the
output voltage from the controller should be amplified before applying to the EWOD
device. Relay switches are used to step-up the voltage level from 5 V to the required

threshold voltage for droplet manipulation.

IThis step is completed in Marcus Nanofabrication facility, Georgia Institute of technology, At-
lanta.
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A relay is an electrically operated switch used to control a circuit by a low-power
signal with complete electrical isolation between control and controlled circuits (Fig-

ure(relay)). The relay circuit connections are explained in [31].

Input 1

Low voltage (5 V/ 0V)

l

Relay switch

Output
Input 2 / )
> > | IfInput 1 = 5V; Output =40V

High voltage (40 V)

Switch closes if input 1 =5V If Input 1 = 0 V; Output =0V

Figure 3.5: Relay switch - functional block diagram. The inputs are the low voltage
signal (5 V) from the ATMegal28 microcontroller and the high voltage signal from an
voltage amplifier. When the low voltage signal is 5 V, then the relay switch is closed
and conducts the high voltage signal to the output. When the low voltage signal is 0
V, then the relay switch is disconnected and does not conduct the high voltage signal
to the output.

Since the electrodes in EWOD devices are individually addressable, each electrode
should be connected with separate wires from the controller. This scenario leads to
complex wiring and circuit complexities. To reduce the circuit complexities, the
electrode values can be serially sent out from the microcontroller using a single port
pin. The serial data from the controller can be converetd to parallel output using shift
registers. A serial in - parallel out (SIPO) shift register can support upto 2" (n = 1
to 5) data inputs. In this research, a 3-bit (n=3) SIPO shift register (SN74HC595N)
is used which can output upto 8 electrode values as shown in the Figure(SIPO).

The SIPO shift registers and relay switches are hardwired in a printed circuit board
(PCB) Figure(PCB). The input connections of the PCB are the the high voltage

from the voltage amplifier and serial input from the microcontroller. The output
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Qg |1 ~ 16]] Vcc
Qc ]2 15[] Qa
Qp [|3 14[] SER
Qe ]2 13[]] OE
Qe [I5 12|] RCLK
Qg []6 11[] SRCLK
Qy [7 10[] SRCLR
GND [|8 9l Qy'

Figure 3.6: Pin configuration of serial-in/parallel-out shift register. SER (pin 14)
received the serial data from the microcontroller. Q)4 - Qg are the 8 output pins
(pin 1-7, pin 15) sending out the values of the microcontroller in parallel. The shift
register is activated using V.. (pin 16, 5 Vp¢) and ground pin (pin 8). Pin 10 and pin
13 are the control pins which enable/disable the output values. Pin 11 is the clock
signal pin where the microcontroller data is synchronized with the shift register at at
clock cycles.

connections are the high voltage electrode values (ON/OFF) to be connected to the
EWOD device. Figure(FBD) represents the functional block diagram showing the

connections between the microcontroller, interface electronics, and the EWOD device.
3.4 Result analysis

Advancement in EWOD hardware is towards minimizing the threshold voltage
[13]. By increasing the effective capacitance across the dielectric layer, we can reduce
the threshold voltage required for the droplet movement [13] [18]. The effective ca-
pacitance can be increased by increasing the dielectric constant and decreasing the
thickness of the dielectric layer. The influence of hydrophobic layer should also be
considered in calculating the threshold voltage. The effective dielectric thickness of
an EWOD device will be the sum of thicknesses of the dielectric and hydrophobic
layers. Equation| 5.1] explains the influence of the dielectric/hydrophobic layer with
the threshold voltage [18].

Ldi

Vin = Dyltny + 5hy€7d)} (3.4)
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Figure 3.7: A custom-made printed circuit board is designed to assemble the shift
registers and relay switches. The inputs for this PCB are the low voltage (5 V)
signals from the microcontroller and the high voltage (40 V) signal from the voltage
amplifier. The output is the high voltage signals from the relay switches.

Interface electronics

Shift Rel
ATMega 128 Microcontroller re gislt er s“ita::};l Electrowetting on dielectric
(Low voltage (5 V)) ? (EWOD) microfluidic device
High voltage

amplifier (40 V)

Figure 3.8: Functional block diagram of the EWOD device with the microcontroller
and interface electronics. The low voltage from the output ports of the microcon-
troller is connected to the shift register followed by voltage step-up through relay
switches. The high voltage output from the relay switches are connected to the
EWOD electrodes.

The equation suggests that the threshold voltage decreases when the dielectric

constant (g4;) of the dielectric layer is increased and increases when the thickness of
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hydrophobic layer (¢5,) is increased. Hence by reducing t5, and increasing e4;, we can

effectively reduce the threshold voltage.

To verify the analysis, two sets of EWOD devices are fabrciated using similar fabri-
cation process, but different dielectric materials and dielectric layer thicknesses are
coated for each device.

CASE 1: The first set of EWOD devices (D)) are coated with a ParyleneC' as
dielectric layer (1 pm). ParyleneC is a polymer compound (g, = 3.15) coated using
Parylene coater.

CASE 2: The second set of EWOD devices (D,,) are coated with Aluminum ozide
(AlyO3) as dielectric layer (25 nm). Aluminum oxide is an amphoteric metal oxide
(e, = 9.1) coated using Atomic Layer Deposition (ALD).

Both the devices have the same teflon thickness (250 nm). The effective capaci-

tance of the EWOD device can be expressed using Equation 3.5.

€dEn
€dth) + <5htd)

Ceffective = EOA[< (35)

Ceffective 18 the effective capacitance of the device, gy is the vacuum permittivity,
A is the area of the capacitor parallel plates, €4 and ¢, are the dielectric constants of
dielectric and hydrophobic layers, and t; and ¢; are the thicknesses of dielectric and
hydrophobic layers.

Using Equation| 3.5], the effective capacitance of the both the devices are cal-
culated and D, has higher capacitance than D,. Similarly, the threshold voltage is
calculated using Equation| 5.1] by substituting the values of ¢y, €py, tai, €4; and the
calculated results show that the threshold voltage of device D, is six times less than

the D, .
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Figure 3.9: Sequence of droplet movement in EWOD device. The device is coated
with AlyO5 as dielectric layer. Each figure is separated by a time interval of 0.033
seconds. (a) The droplet’s initial position (b) Voltage is applied at the droplet’s
adjacent electrode (right side of the droplet) and the droplet starts moving towards
it. (c) Droplet reached the destination electrode.

Table 3.1: EWOD

Parameters Device D, | Device D,
Dielectric material ParyleneC AlyO3
Dielectric layer thickness 1000 nm 50 nm
Dielectric constant 3.15 9.1
Threshold Voltage (Calculated result) 281.03 V 54.81 V
Threshold Voltage (Experimental result) | 273.5 V 40.5 V

3.4.1 Experiment analysis

Experiments are conducted on both the devices (D, and D,) to verify the obser-

vations in threshold voltage reduction. Table 7?7 explains the threshold voltages of
the both devices. The following figures show the sequence of droplet movements in
the EWOD device (Al,O3 as dielectric layer).

The distance traveled by the droplet from its initial position to final position
is around 1.94 mm (calculated using the AUTOCAD measurement tools). The time
taken for the droplet to reach that distance is around 167 ms (calculated using Adobe

after effects). The speed of the droplet movement is calculated and it is approximately
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1.2 cm/sec.
3.4.2 Inference

The threshold voltage required for a droplet movement can be reduced by increas-
ing the effective capacitance of the device. The effective capacitance can be increased
by increasing the effective dielectric constant and reducing the overall dielectric thick-

ness of the device.



CHAPTER 4: OPTOELECTROWETTING ON DIELECTRIC
(OEWOD) DEVICE

4.1 Introduction

Electrowetting is one of the most effective methods of droplet manipulation for
its low electrical power consumption, easy implementation, and fast response. Elec-
trowetting on Dielectric devices (EWOD) use patterned electrodes for droplet ma-
nipulation. Optoelectrowetting (OEW) is a light actuated droplet manipulation tech-
nique using optical animation patterns and external voltage. The optical source for
generating the patterns can be from a laser [7] to an LCD screen [8]. The devices
are coated with a featureless photoconductive layer to eliminate the patterned elec-
trodes. A dielectric layer is deposited over the photosensitive material to provide
electrical insulation. The hydrophobic layer is coated as the top surface to avoid
the droplet contamination with the device surface. The device which uses optoelec-
trowetting principle for droplet manipulation is called optoelectrowetting on dielectric
(OEWOD) device. The droplets are manipulated by illuminating the photoconduc-
tive layer with optical patterns and external voltage. Since the optical patterns are
driving the droplet, it can be also referred as virtual electrodes. The region where the
droplets can be manipulated in the device is called the active region and the remain-
ing regions are coated with contact pads (opaque) for applying lateral electric field.
The main advantages of the OEWOD devices are the elimination of photolithographic
process, flexibility in changing the droplet volume at any given time and large droplet

manipulation region.
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4.2 Fabrication Process

Figure 4.1 shows the top view representation of the fabricated OEWOD device.
The device is made up of a plain polished glass substrate (1 mm thick, 100 mm

diameter).

1. The substrate is cleaned using piranha solution (7:3 - concentrated sulfuric acid

: 30% hydrogen peroxide) for 10 minutes to remove the organic residues.

2. A photoconductive film of hydrogenated amorphous silicon (a-Si:H) layer is de-

posited (0.5 gm) using Plasma Enhanced Chemical Vapor Deposition (PECVD).!

3. The contact pads are coated with gold (100 nm) and chromium (10 nm) using
Electron beam deposition (LESKER PVD75). An aluminum foil is used as a

pattern mask to protect the active region from metal deposition.

4. A thin, pin-hole free film of dielectric aluminum oxide (AlxO3) (25 nm) is de-

posited using Atomic layer deposition (ALD). 2

5. The substrate is spin coated with 2 % Teflon (1:2 - 6% TeflonAF : Flourinert

FC40) (250 nm) using spin coater (Laurell) at 3000 R.P.M for 60 seconds.

6. The substrate is post baked at 160° C' for 10 minutes.

4.3 Working Principle

Figure 4.2 shows the equivalent circuit model of the OEWOD device. The photo-
conductive layer (a-Si:H) is modeled as resistances Ry, Ry, R3, R4 connected in series.
The dielectric layer is modeled as capacitors Cyy, Cyo, Cy3 forming a shunt circuit with

the resistances. The hydrophobic material (TeflonAF) also have dielectric properties

IThis process is completed by sending the substrates to Noel Technologies, Inc.
2This step is fabricated in Marcus nano-fabrication facility in Georgia Institute of Technology,
Atlanta, GA.
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a-Si:H
+

Al,O3
+

TeflonAF

Figure 4.1: Optoelectrowetting on dielectric (OEWOD) device - Top view. The
droplet manipulation region (shaded) consists of a photoconductive layer (a-Si:H),
dielectric layer (Al;O3), and hydrophobic layer (2 % TeflonAF). CP, and CP, are
the contact pads used for applying external voltage. The voltage is applied at C'P,,
when the droplets are moving along X axis and the voltage is applied at C'P,, when
the droplets are moving along Y axis

and it can also be modeled as capacitors Cj1, Cha, Ch3 connected in series with Cyy,
Cgao, Cy3 respectively. The effective capacitance C; will be equal to C}; in series with

Ca and it can be expressed using Equation| 4.1].

Ed1€n1
C| = ¢g)A 4.1
! 0 [(€d1th1) + (5h1td1)] (4.1)

o is the vacuum permittivity, A is the area of the capacitor parallel plates. The
effective capacitances Cy and Cj are similarly expressed using Cys - Che and Cys - Chs
When the droplets are introduced on the device, it tries to repel the surface due
to the hydrophobic layer. In this case the droplet’s contact angle with the surface is

greater than 90° (Figure 4.2).
4.3.1 Symmetrical illumination

When the device is uniformly illuminated by dark light or bright light, the ap-

plied voltage linearly drops between R; to R4. As a result, the voltage drop across
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Projector/Smartphone screen

Figure 4.2: Equivalent Circuit of open surface optoelectrowetting dielectric (OE-
WOD) device.
capacitors €, and C3 will be equal and the droplet will not have any contact angle

change (Figure 4.3).
4.3.2 Asymmetrical illumination

When a portion of droplet is illuminated by bright light and the remaining region
by dark light (virtual electrode) (Figure 4.4), the photoresistances Ry, Ry, and Ry
carries low resistance due to bright illumination whereas Rj3 carries high resistance
due to dark illumination. As a result, the voltage drop across the capacitors C and
Cs will be low due to low voltage drop across R; and Ry respectively. Subsequently,
the voltage drop across C3 will be high due to high voltage drop across R3. When
there is an voltage drop across the capacitor, it induces charges (@) buildup and

expressed by Equation 4.2.

Q=CxV (4.2)
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Silicone Oil

6o

& a-Si:H (0.5 pm)

Glass Substrate (1mm)

Projector/Smartphone screen

Figure 4.3: Equivalent circuit of open surface optoelectrowetting on dielectric (OE-
WOD) device.

@ is the charge buildup at the device-droplet interface, C' is the effective capaci-
tance of the device, and V' is the voltage drop across the dielectric region.

@1, ()2, and Q3 are the charge build up across C, Cs, and C3 respectively. Ac-
cording to Equation| 4.2], the value of Q3 will be higher than () and @), because the
voltage drop across Cj is higher than C and Cj.

The energy associated with the accumulated charges is called the electrostatic
energy. The force acting between the molecules of the droplet is called the surface
tension. The electrostatic energy acts as an opposing force and reduces the surface
tension of the droplet at the solid-liquid interface [13] [15]. As a result, the surface
tension is reduced at one end of the droplet and remains the same at the other end.
The reduction in surface tension due to electrostatic force is given by Lippmann’s

equation [14].

v =" — —V? (4.3)
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where 7 is the reduced surface tension of the droplet at v voltage, 7y is the initial
surface tension of the droplet at zero voltage, € is the dielectric constant of the
dielectric layer, d is the thickness of the dielectric layer, and V is the voltage drop
across the dielectric layer.

The reduction of surface tension causes improved droplet wetting at the droplet
end near (3. Now, the contact angle of the droplet end near Cj is lower than the
contact angle of the droplet near C; (Figure 4.4). The relation between the droplet
contact angle change and the voltage drop across the dielectric layer is given by Young

Lippmann’s Equation.

11
cos = cos Oy + —=cV? (4.4)
v 2

where 6 is the contact angle of the droplet at v voltage, 6, is the initial contact
angle of the droplet at zero voltage, ¢ is the capacitance per unit area across the
dielectric region, and V' is the voltage drop across the dielectric layer.

The difference in contact angle creates a pressure gradient, which leads to the bulk

flow of the droplet towards the non-illuminated region (virtual electrode) [15] [8].
4.4 Laboratory setup

Figure 4.5 shows the experimental setup for droplet actuation in OEWOD device.
Initially the device is immersed in a silicone oil medium is kept inside a transpar-
ent petri dish. The following equipment are used for manipulating droplets in the

OEWOD device.

e Commercial data projector (Dell 4210X) is used as the optical source and the

projector is controlled using a personal computer.

e Wooden stand is used for placing the OEWOD device setup on top of the optical

source (Figure 4.5).



27

Silicone Oil

Droplet

Glass Substrate (1mm)

Projector/Smartphone screen

Figure 4.4: Circuit behavior when there is a bright illumination in one end of the
droplet (region under R;, Ry, and R,) and dark illumination in the other end of
the droplet (region under R3). Rj, Ry, and R4 carries low resistance due to bright
illumination and Rj3 carries high resistance due to dark illumination.

e A Dinolite (D413T) microscopic camera placed directly on top of the device for

recording the droplet movements.

e The external voltage is applied using Trek 2205 voltage amplifier which is pow-
ered by EZ 4303D adjustable DC power supply.

e The droplets are introduced to the OEWOD device using microliter syringe

from Hamilton company, Inc.

4.4.1 Optical pattern generation

The optical patterns are generated using a canvas enabled JavaScript application.
Canvas features of JavaScript will run in any modern internet browsing user agent
with or without internet connection. The JavaScript application is highly portable
and quickly adaptable on wide range of devices including desktop connected to a

monitor or a projector, smart phones (Iphone), or a touchscreen tablet device (Ipad).
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is immersed in silicone oil stored in the petri dish. The camera is stationed on top of

the OEWOD device to record the droplet movement.

Features of the OEWOQOD animation

In this research, the optical patterns are controlled using mouse clicks and key-

board commands. The optical interface has two main components - Settings menu

and an animation canvas. The settings menu is the control end of the animation file

where the size, shape, position, movement velocity, and the color of the optical pat-

terns are adjusted (represented in pixels)(Figure: animation canvas). The animation

canvas is the region where the optical patterns are drawn. (Figure see fig:droplet

controls).



CHAPTER 5: RESULT

5.1 Experimental Results and Analysis

The fabricated OEWOD device is capable of performing operations like droplet
transportation, merging, multi-axis movement, parallel manipulation, and different

volume droplet manipulation.
5.1.1 Experiment Procedure

Initially the device is immersed in a silicone oil medium (for lubrication) stored in
a transparent petri dish. The droplets are then introduced on the active region of the
device surface. The active region is the area where droplets can be manipulated using
optical patterns. The remaining regions are covered with gold contact pads (opaque)
where manipulation is not possible. The droplet manipulation region is illuminated by
animation patterns from a data projector (DELL 4210X) (Figure 5.1). The external
voltage is applied in the contact pad sets (CP, or C'P,) shown in Figure 5.2. The
droplets are driven by rectangular dark light and the remaining active region is filled

with bright white light as shown in Figure 5.3.
5.1.2 Reduction in Threshold Voltage

Advancement in digital microfluidics in recent years is going towards achieving
a portable microfluidic device [10]. Reduction in threshold voltage is a key parame-
ter in achieving this goal since it eliminates bulky voltage amplifiers. By actuating
droplets in low input voltage, we can use lithium batteries as an input voltage source
to achieve device portability.

To reduce the threshold voltage (Vi) from previously reported devices, a designated
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Microscope
Without Virtual Electrode Camera
beneath the droplet

Virtual Electrode

------ beneath the droplet i i

Petri Dish

Glass Substrate (1mm)

Customized
Stand

Projector/Smartphone screen

e

Figure 5.1: Side view of the OEWOD microfluidic device inside the petri dish. The
optical illumination from the data projector light is focused on the device from below.

4 TeﬂonAF p

Figure 5.2: Top view representation of the OEWOD device. The dark red shaded
region is the droplet manipulation region. C'P, and C'P, are the contact pad sets
(yellow region) where the external voltage is applied.

dielectric layer (AlyO3) of high dielectric constant (e, = 9.1) is included in the fabri-
cation process. High dielectric constant materials can also increase the net force on
the droplet [32] thereby increasing the droplet velocity. By including AlyO3 in the
fabrication process we successfully reduced the threshold voltage from a few kilo volts
[10] to 53 Vpe. To experimentally analyze the significance of the dielectric layer, we
fabricated two sets of devices with different thicknesses of AlsOs. The first set of

devices (Device Dyg) are coated with 500 nm a-Si:H, 100 nm gold contact pads, 10
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Figure 5.3: Top view of the OEWOD device active region. The droplet can be
manipulated anywhere in the active region the virtual electrode (dark rectangle next
to the droplet).

Table 5.1: Performance comparison in device Do and device Dos.

Parameters Device Dyy | Device Doy
Dielectric layer thickness 10 nm 25 nm
Threshold Voltage (calculated result) 54.2 Vpe 52.8 Vpeo
Threshold Voltage (Experimental result) 68 Vpe 53 Vpe
Average Velocity 3.5 mm/sec | 8 mm/sec

nm AlbO3, and 250 nm 2% TeflonAF. The second set of devices (Device Dqs) are
coated with similar process as in (Device Djg) except the thickness of Al,O3 (25nm).
The optical source is the same for both the devices (1.069 mW /cm?).

The results are tabulated (Table 5.1). Device Dy; shows improved performance
over device Dy in terms of threshold voltage. Using Equation 5.1 given in [18], we

calculated the threshold voltage by substituting the values of ¢y, €ny, tai, €ai-

tai
Vin = Dy [ty + ehysid)} (5.1)

where Vj, is the threshold voltage for the device, Dy, is the dielectric strength
of hydrophobic material used, t5, and t4 are the thicknesses of the hydrophobic and
dielectric layers, €5, and eg4; are the dielectric constants of hydrophobic and dielectric
layers respectively.

The equation suggests that the threshold voltage decreases when the dielectric
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constant (g4;) of the dielectric layer is increased and increases when the thickness of
hydrophobic layer (t5,) is increased. Hence by reducing ¢, and increasing e4;, we can

effectively reduce the threshold voltage and Table 5.1 verified this analysis.
5.1.3 High speed droplet manipulation

The fabricated OEWOD device (device Dys) is capable of transporting droplets at
a maximum speed of 12 mm/sec (120 Vpc). Device Dos shows improved performance
in average droplet velocity when compared to device. The effective capacitance in
device Dyj is higher than device Dyy due to the thicker dielectric layer in device Das.
The net force acting on the droplet is proportional to the capacitative energy per unit
area stored in the dielectric layer [29]. As a result, the net force acting on the droplet
in device Dys is higher than device Dyy and hence the average droplet velocity is
higher in device Do than device Dqy. In general, we can say that the droplet velocity

is higher in devices with higher effective capacitance across the dielectric layer.

£
Flot ™ 5&/2 (5.2)

where F,.; is the net force acting on the droplet, ¢ is the effective dielectric constant
across the device, D is the cumulative distance of the dielectric layers in the device,

and V is the voltage drop across the dielectric layers.
5.1.4 Variation in contact angle by optoelectrowetting

The following cases occur when voltage V is applied to the microfluidic device.
Case one: When there is a uniform illumination (bright light) under the droplet,
the contact angle remains the same at both the droplet ends (Figure 5.4(a)) and it is
approximately 150°.

Case two: When the region under the droplet is illuminated by dark light and the

remaining region by white light, the contact angle is reduced at both the ends but
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remains the same due to equal illumination at droplet ends. Figure 5.4(b) shows the
contact angle reduced at both the droplet and it is approximately 120°.

Case three: When a portion of the droplet is illuminated by the dark light and
the remaining region by white light, the droplet’s contact angle is reduced in the
dark region due to thus creating a contact angle difference (A#)(Figure 5.4(c)) shows
the contact angles at ends of the droplet (125° and 85°) and the measured Af is

approximately 40°.

Figure 5.4: Sequence of droplets showing contact angle variations at different situa-
tions. (a) When the manipulation region is under uniform illumination, the droplet
contact angle remains unchanged (150°). (b) When the region under the droplet is
illuminated by dark light and the remaining active region by bright light, the contact
angle reduces at both ends (120°).(c) When a portion of droplet is illuminated by
dark light (virtual electrode) and the remaining region by bright light, the contact
angle significantly decreases in the end where the dark light is present (85°).

5.1.5 Influence of Virtual Electrode Dimension on Droplet Motion

In OEWOD device, for a specified droplet volume, the droplet movement is ex-
ternally influenced by the actuation voltage, intensity of the optical source, and the
dimension of the virtual electrode. By keeping the actuation voltage (80 Vp¢) and
the optical source (data projector) as constant, the width of the virtual electrode
(dark band) is modified to check the droplet behavior. Experiments are conducted
by changing the dark band widths by keeping droplet volume as constant and the

results are tabulated. Table 5.2 shows the ratio of droplet size and dark band light.
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Table 5.2: Influence of virtual electrode dimension on droplet motion. The
table explains the droplet behavior based on the ratio of the droplet volume
and virtual electrode dimension. The droplet volume is kept constant (20
L) and the virtual electrode dimension is varied in each case to check the
the droplet behavior.

Droplet Volume| Dark Band Width|| Droplet Radius Droplet
Volume| Radius || Width| Width Dark Band Width ]
. Behavior
(uL) (mm) || (Pixels) (mm)
20 1.75 10 0.9 1.94 No movement
20 1.75 20 1.8 0.97 Continuous
droplet move-
ment
20 1.75 25 2.2 0.79 Contact an-
gle changes, no
droplet movement
20 1.75 30 2.7 0.65 No movement

Case One: Virtual Electrode width > Droplet Radius

If the virtual electrode width is significantly smaller than the droplet’s radius as
shown in Figure 5.5(a), only a small portion of droplet region is overlapping the dark
band width. Improved wetting is exhibited only on the overlapping droplet region
due to optoelectrowetting. so there will not be sufficient reduction in contact angle

in the dark band region of droplet and hence there will not be any movement.
Case Two: Virtual Electrode Width ~ Droplet Radius

If the virtual electrode’s width is approximately equal to the droplet’s radius as
shown in the picture, then half of the droplet will be illuminated by bright light and
the other half will be illuminated by the dark region as shown in Figure 5.5(b). The
droplet’s contact angle under the dark region decreases due to optoelectrowetting and
the contact angle of the contact angle in the bright region remains the same. This

difference in contact angle at the ends of the droplet helps the droplet moves towards
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Droplet Droplet Droplet
Radius (ra1) Radius (ra1) Radius (ra1)

Virtual Virtual Virtual
Electrode Electrode Electrode
Width (W1) Width (W2) Width (Ws)

(a) (b) (c)

Figure 5.5: In (a), the droplet radius is significantly larger than the width of the
virtual electrode (rqg; > Wi). In (b), the droplet radius is equal to the width of the
virtual electrode (rq; &~ W5). In (c), the droplet radius is significantly smaller than
the width of the virtual electrode (rg < Ws).

the wetting direction (towards the virtual electrode).
Case Three: Virtual Electrode Width < Droplet Radius

If the virtual electrode’s width is greater than the droplet’s radius as shown in
Figure 5.5(c), then most of the droplet region will be covered by dark illumination.
The droplet contact angle changes at both the ends but the difference in contact
angles will be small. Hence no droplet movement is observed.

From the experimental results in Table 5.2, the droplet moves continuously when
the virtual electrode width is approximately equal to the droplet radius. The droplet
stops moving as the difference between the virtual electrode width and the radius
starts increasing. The analysis is verified again using 10 uL. droplets as shown in

Table 5.3.
5.1.6 Droplet Mixing

Here, merging is tested on both 10 L and 20 pL droplets. To verify the completion
of droplet mixing, we used a 10 pL green droplet (Fast Green FCF food dye dissolved
in water) and a 10 uL red droplet (Allura Red AC food dye dissolved in water) as

shown in Figure 5.6. We observed that the merging is instantaneous once the droplets
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Table 5.3: Influence of virtual electrode dimension on droplet motion. The table
explains the droplet behavior based on the ratio of the droplet volume and virtual
electrode dimension. The droplet volume is kept constant (10 L) and the virtual
electrode dimension is varied in each case to check the the droplet behavior.

Droplet Volume| Dark Band Width|| Droplet Radius Droplet
Volume| Radius || Width| Width Dark Band Width ]
. Behavior
(uL) (mm) || (Pixels) (mm)
10 1 5 0.45 2.22 No movement
10 1 10 0.90 1.11 Continuous
droplet move-
ment
10 1 15 1.35 0.74 Contact an-
gle changes, no
droplet movement
10 1 20 1.80 0.56 No movement

comes close to each other. This is because aqueous droplets in oil medium induce
electric dipoles. Hence the electrostatic force between two closely located aqueous
droplets causes electrocoalescence and merges them [33] [34] [8]. Figure 5.6(c) shows
the merged droplet from the red and green droplets but not mixed completely. The
upper portion of the merged droplet remains green and the lower portion remains red.
The mixing of merged droplet is completed when it is transported to certain distance
from its merged location. During transportation, the shear bulk force acting on the
moving droplet results in internal flows within the droplet to complete the mixing [8]

(Figure 5.6(d)).
5.1.7 Parallel Droplet Movement

The main advantage of optical microfluidics is its ability to transport multiple
droplets at the same time. Figures 5.8 and 5.7 show the parallel motion of two
droplets at the same time. To verify the performance and ability of the fabricated
devices, parallel droplet motion is tested on both the devices A and B. In Device
Dy, for 120 Vpe input, two droplets (20 uli each) are simultaneously transported at

approximately 3 mm/sec. In Device Dys, for the same voltage and same volume, two
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(a) (b) () (d)

Figure 5.6: Sequence of Droplet Mixing. (a) The initial position of two colored (green
and red) droplets (10 uL). (b) The green droplet has moved towards the red droplet
which is kept stationary in its initial position. (c¢) Once the red and green droplets are
merged, the upper portion of the merged droplet remains green and the lower portion
remains red. (d) The mixed droplet after it has been moved in both the directions.

droplets were simultaneously transported at approximately 7.3 mm/sec. We observed
that the input voltage and average velocity of droplet movement remains the same
for individual and parallel operations for a device. The velocity of individual droplets
are not reduced by increasing the total number of droplets in parallel operation. This

ability to actuate droplets in parallel at equal voltage and velocities can potentially

play a key role in miniaturizing cell culture microplates for biological applications.

(a) (b) ()

Figure 5.7: Sequence of parallel motion in device Dyy. Two droplets are transported
simultaneously by virtual electrodes moving at 3 mm/sec.

5.1.8 Droplet manipulation multiple axis

This OEWOD device is capable of transporting droplets in multi-direction at
low voltage actuation and high droplet velocity. Previous reported open configura-

tion devices reported difficulties in multiaxis motion. [28] reported that the droplets
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(a) (b) (c)

Figure 5.8: Sequence of parallel motion in device Dy5. Two droplets are transported
simultaneously by virtual electrodes moving at 7 mm/sec.
transportation is difficult due to weak electric field strength in the direction perpen-
dicular to the applied electric field. Optical patterns of different shapes are used
(Paired-Diamond (PD)) to increase the electric field strength in both the directions
for achieving multi-axis droplet motion [9]. Still, the droplet actuation voltage is
very high (300 Vp¢) and the droplet velocity is very low (~ 500 p m/sec). In our
OEWOD device, we achieved low voltage multi-axis motion by enhancing the electric
field strength in both the directions without modifying the shapes of optical pattern.
The electric field strength is enhanced by fabricating gold contact pads surrounding
the active region (Figure ?7).
To experimentally verify the multi-axis motion, we transported a droplet in two dif-
ferent axis (at same voltage and velocity) using two different virtual electrodes of
same dimension. The first virtual electrode is oriented along the vertical axis and the
second virtual electrode along the horizontal axis as shown in Figure 5.9(a). A green
droplet (10 uL) is introduced on the device surface. By applying voltage (85 Vp¢) at
contact pad set C'P,, the first virtual electrode transports the droplet from position
X to position Y (Figure 5.9 (a) & (b)). Subsequently, the second virtual electrode
transports the same green droplet from position Y to position Z (Figure 5.9 (c¢) &
(d)) by applying the same voltage at contact pad set C'P,.

The only limitation is that these experiments are conducted by manually applying

voltage at contact pad sets C'P, and C'P, shown in Figure 5.2. At a given instant,
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only one set of contact pad will be connected with the external voltage. To avoid
time delay and human interference, future experiments will be conducted by applying
external voltage using digital timer switch between contact pad sets. These digital
timer switches can be from timers and software switches used in microcontrollers. By
using these timer switches, the external voltage can be switched between C'P, to C'P,

within millisecond time delay.

Figure 5.9: The sequence shows multi-axis motion in OEWOD device. CP; and CP,
represent the sides of the contact pads. (a) The green droplet (10 pL) is in its initial
position X. (b) The first virtual electrode transports the droplet from position X to
position Y while the second virtual electrode is kept stationary. (c¢) The first virtual
electrode is turned off, and the second virtual electrode starts transporting the droplet
from position Y to position Z. (d) The final position of the droplet.

5.2 Contributions

In this research, we reported an open surface light-actuated optoelectrowetting
microfluidic device that can manipulate droplets of multiple volumes ranging from 1 to
50 pLi at voltage as low as 53 Vpe and capable of transporting droplets at a maximum
speed of 12 mm/sec (120 Vpe). We achieved this low voltage activation by adding a
dedicated Al,O3 dielectric layer of high dielectric constant and significantly reducing
the thickness of the hydrophobic layer. The advantages of this device are the low
voltage droplet actuation, high speed droplet manipulation, and multi-axis parallel
droplet motion. This device can perform basic DMFS operations like transportation,
mixing, and merging at low voltage and we demonstrated multiple axis parallel droplet

motion at equal velocities in all directions without modifying the optical patterns. We
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also reported the behavioral changes in droplet actuation influenced by the optical

pattern dimensions and its relation with the droplet volume.
5.3 Future work

In this research, the performance of OEWOD device is improved by reducing the
voltage required for droplet manipulation. The threshold voltage can be further re-
duced by increasing the dielectric constant of the hydrophobic layer. The compact
voltage sources like AA lithium batteries can be used, if the threshold voltage re-
quired is less than 10 V. Miniaturization of the voltage source (6 V, AA lithium
battery) will be critical in achieving device portability. The significant reduction in
droplet actuation voltage along with the enhanced capability of low voltage multi-
axis manipulation using this OEWOD device is a step towards achieving a portable

light-actuated digital microfluidic device.
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