AR
W Durham

University
Durham E-Theses

ELECTRIC FIELD INDUCED DROPLET
MANIPULATION

IMAN FROZANPOOR

How to cite:

FROZANPOOR, IMAN (2022) ELECTRIC FIELD INDUCED DROPLET MANIPULATION.
Doctoral thesis, Durham University.

Use policy

The full-text may be used and/or reproduced, and given to third parties in any format or medium, without prior permission or
charge, for personal research or study, educational, or not-for-profit purposes provided that:

e a full bibliographic reference is made to the original source
e a https://etheses.durham.ac.uk/id/eprint/14640/ is made to the metadata record in Durham E-Theses
e the full-text is not changed in any way

The full-text must not be sold in any format or medium without the formal permission of the copyright holders.

Please consult the full Durham E-Theses policy for further details.

Academic Support Office, The Palatine Centre, Durham University, Stockton Road, Durham, DH1 3LE
e-mail: e-theses.admin@durham.ac.uk Tel: +44 0191 334 6107
https://etheses.durham.ac.uk


https://www.durham.ac.uk
https://etheses.durham.ac.uk/id/eprint/14640/
https://libguides.durham.ac.uk/open_research/etheses#s-lib-ctab-15326874-5
https://etheses.durham.ac.uk

ELECTRIC FIELD INDUCED
DROPLET MANIPULATION

Iman Frozanpoor
Department of Engineering

Durham University

This dissertation is submitted for the degree of
Doctor of Philosophy

2022






[ Would Like To Dedicate This Thesis To My loving

Mom & Dad AND To My Nephews: Arian & Yuna!

man (2022)




Declaration of Authorship

The research in this thesis is based on experiments and characterisation carried out
in the Department of Engineering in Durham University. I hereby declare that the
contents of this dissertation are original and have not been submitted for
consideration to any other degree or qualification. Furthermore, the work in this
thesis is the result of my own work and includes nothing which is the outcome of

work done in collaboration.

Iman Frozanpoor



Acknowledgements

First and foremost, I would like to express my sincere gratitude to project
supervisors: Dr Claudio Balocco, Prof Andrew Gallant, Dr Michael Cooke, and Dr
Vibin Ambukan for their invaluable help, support, advice, and inspiration. Special
thanks and recognition is also owed to former project supervisors: Prof David Wood,
Dr Zoltan Racz, and Mr lan Bossons for their valuable support and insightful
contributions.

I especially appreciate Dr Jidong Jin for his valuable discussions and for sharing his
insight into microfabrication in the cleanroom. I would also like to thank Dr Chris
Pearson, Mr Neil Clarey, Ms Amy Tate, Dr Diana Alvarez-ruiz, Ms Sahar Nasirian,
Dr Alejandro Galan-Gonzalez, and Mr Ian Hutchinson for technical assistance and
discussions. The ZnO nanowires presented in this work were prepared by Dr
Alejandro Galan-Gonzalez. The characterization with scanning electron microscopy
was carried out by Dr Alejandro Galan-Gonzalez and Dr Diana Alvarez-ruiz.

I want to thank Mr Kieran Killough and Mr Daniel Williams for their contribution
and legal assistance in publishing patent documents. I am also profoundly grateful
for technical assistance and supervision support from managers at Jaguar Land
Rover, including Dr Adrian Gaylard, Mr Kevin Davitt, and Mr Richard Latimer.
Lastly, I am thankful for the financial support provided by Jaguar Land Rover and
the Engineering and Physical Sciences Research Council UK., through the Industrial
Case Award EP/P510476/1.

Grey College, Durham % Gradibus Ascendimus



List of publications

Filed Patent Applications:

I. Frozanpoor, "Device for Manipulating a Substance, Vehicle and Assembly
Comprising the Same, and Method of Using the Device," (in English), United
Kingdom Patent Appl. WO0/2020/245275, 2020. [Online]. Available:
https://patentscope.wipo.int/search/en/detail.jsf?docld=W02020245275 &tab=PCT
BIBLIO& cid=P12-KOY9Z2Y-64123-1

I. Frozanpoor, "Device for manipulating a substance," (in English), United Kingdom
Patent 2587459 Patent Appl. 202008391, 2020. [Online]. Available:
https://patentscope.wipo.int/search/en/detail.jsf?docld=GB321213149& cid=P11-
KWS88LV-16684-1

I. Frozanpoor, "Device for manipulating a substance," (in English), United Kingdom
Patent 2587061 Patent Appl. 202008392, 2020. [Online]. Available:
https://patentscope.wipo.int/search/en/detail.jsf?docld=GB320239574& cid=P11-
KWS88LV-16684-1

I. Frozanpoor, "CONTROLLER AND CONTROL," (in English), United Kingdom
Patent 2584465 Patent Appl. 201907986, 2019. [Online]. Available:
https://patentscope.wipo.int/search/en/detail.jsf?docld=GB313068653& cid=P11-
KWS88LV-16684-1

I. Frozanpoor, "Device for manipulating a substance," (in English), United Kingdom
Patent 2584466 Patent Appl. 201907987, 2019. [Online]. Available:
https://patentscope.wipo.int/search/en/detail.jsf?docld=GB313068654& cid=P11-
KWS88LV-16684-1



Journal Publications:

Frozanpoor, 1.; Cooke, M.; Racz, Z.; Bossons, I.; Ambukan, V.; Wood, D.;
Gallant, J., A.; Balocco, C., Programmable Droplet Actuating Platform Using
Liquid-Dielectrophoresis. J Micromech Microeng 2021, 31, 055014.

Frozanpoor, I.; Cooke, M.; Ambukan, V.; Gallant, J., A.; Balocco, C., Continuous
Droplet-Actuating Platforms via an Electric Field Gradient: Electrowetting and
Liquid Dielectrophoresis. Langmuir 2021, 37 (21), 6414-6422.

Frozanpoor, I.; Cooke, M.; Ambukan, V.; Alvarez-Ruiz, D.; Gallant, J., A.;
Balocco, C., Tilting Micromirror Platform Based on Liquid Dielectrophoresis, Sens.
Actuators, A 2021, 113177.



Thesis Abstract

In this thesis, we explore several droplet manipulation concepts on different length
scales for a surface cleaning application. The design evolution to transfer these
techniques from laboratory conditions to a chaotic environment, such as on the road,
is an evolving engineering challenge where reliability and performance are equally
important. Electrowetting and liquid dielectrophoresis are techniques by which an
electromechanical response from an applied electric field enables precise droplet
manipulation. This thesis presents several contributions to these technologies,

focusing primarily on scalability, simplicity, and reliability.

The control of surface wettability using the electric methods attracts much attention
due to their fast response (milliseconds), exceptional durability (hundreds of
thousands of switching cycles) and low energy consumption (hundreds of
microwatts). Furthermore, their superior performance and reliable nature have
prompted a vast amount of literature to expand their application. They are widely
used in several scientific and industrial fields, including microfluidics, optical
devices, inject printing, energy harvesting, display technologies, and

microfabrication.

Droplet actuation using electric methods has been a long-standing interest in
microfluidics, and most often, it is limited by high operating voltages. The first
actuation method explored in this thesis is based on interdigitated electrodes to
generate a dielectrophoretic response. In order to apply an effective electrostatic
force for droplet manipulation, the geometry of the electrodes must be optimised,
which similarly leads to a lower operating voltage (as low as 30 V). Furthermore,
microscale electrodes can be iteratively combined to realise larger arrays to move
larger droplets. The iterative approach was developed for a large-scale device to

manipulate droplets of varying size while keeping the actuation process simple.



In the second actuation method, a pair of microelectrodes separated by a variable gap
distance generated an electrostatic gradient to produce a continuous droplet motion
along the length of the electrode pad. The novel actuation method transported
droplets of different size without active control. The droplet actuation was
demonstrated on a larger scale using several platforms, including radial-symmetric,
linear, and bilateral-symmetric droplet motion. An automated self-cleaning platform
was tested in laboratory conditions and on the road. The technology has significant
potential in the automotive sector to clean body parts, camera covers, and scanning

SENSsors.

The electrostatic force applied across the droplet was calculated by placing a
continuously moving droplet on a tilted platform and measuring the critical angle at
which the droplet’s gravity overcomes the opposing applied electric force. Several
electrode designs were also considered to evaluate the effect of electrode geometry
on the actuation force. The droplet actuation was also modelled using an analytical
approach to estimate the critical signal frequency, maximum electrostatic energy,

and maximum electrostatic force.

Lastly, a tilting micromirror platform investigated the dielectrophoretic response
without measuring the droplet contact angle. The mirror platform is also suitable for
other optical applications as it provides three axes movement for beam steering. The
tilting platform enabled an angular coverage up to 0.9° (+ 0.02°), with a maximum
displacement of 120 um. We also explored the feasibility of using a microhydraulic
actuator based on liquid dielectrophoresis for a microfluidic application. The
actuation method opens new possibilities for positioning and manipulating particles
and components. These could be hazardous medical materials or even radioactive

substances, where direct contact should be avoided.
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Chapter 1
Introduction

1.1 Motivation & relevance

The conventional windscreen wiper was initially developed by Mary Anderson in
the year 1903, to which the US. Pat. No. 743,801 was awarded in 1905
(see Figure 1).” The device used manual power to push a wiper mechanism to clear
rain droplets on the windscreen. At least three other inventors patented a similar
invention in the same year, including Captain Gladstone Adams of Whitley Bay, in
northern England. Since then, the technology has been steadily improving, but the
fundamental concept of mechanically removing droplets remained consistent with

minor design changes.

The technological advances in sensor cleaning platforms pave the way for new
autonomous driving vehicles. Sensor systems deliver pivotal data to autonomous
cars, enabling automated functionalities. However, the deposition of surface
contaminants such as rainwater, mud, sand, snow, which obscure the sensors, may
cause a grave hindrance to vehicle safety systems. Currently, smart vehicles disable
their active safety systems when the data from the sensors become unreliable. Hence,
the engineering challenge is to clean the sensors in the most effective and timeliest

manner to improve reliability for complete automated control.

The conventional cleaning platforms in the automotive industry are systems that
remove surface contaminants by propelling abrasive materials through any of these
methods: mechanical wipers, compressed air, and liquid blast nozzle systems. The
significance of a self-cleaning platform will continue to increase as the industry

moves towards higher levels of automation. Therefore, this thesis focuses on the

l|Page



development a new cleaning approach using electric fields to remove surface

contaminants.

No. 743,801. PATENTED WOV, 10, 1803.
M. ANDERSON.

WINDOW CLEANING DEVIGE.
APPLICATIOR FILED JTNE 18, 1903.

Fig 2. 1
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Figure 1 The general engineering drawing by M. Anderson for an
invention of a window cleaning device using mechanical blades with
several moving parts, US. Pat. No. 743,01.
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The mechanical technologies have several drawbacks including, physical
deterioration of wiper blades, aecrodynamic noise, and mechanical damage to the
glass. An electric cleaning platform without a moving part is appealing for
automotive manufactures. They could precisely move rain and other contaminants to
clean different body parts, e.g., windscreen, rear window, body parts, headlights,
door mirrors, cameras, and scanning sensors. Moreover, a self-cleaning platform has
several other applications. For example, in microfluidics, biomedical devices, optical
cameras, and solar panels. In addition to other domestic products such as cleaning

helmet visors and glasses.

Electrocapillarity was first studied in 1875 by Gabriel Lippmann, where he revealed
that the capillary depression of an electrolyte solution could be changed by applying
a voltage to it. The latest developments were re-established by Berge,!” where he
used a thin insulating layer and separated the liquid from the electrode, also known
as electrowetting-on-dielectric (EWOD).!! The insulating layer enabled higher
operating voltages and prevented the chemical process of electrolysis.!? The concept
of using dielectric body forces to move dielectric droplets was first introduced by
Batchelder in the 1980s.!*> This concept was later expanded to liquid-
dielectrophoresis (L-DEP), actuating various dielectric liquids. This thesis focuses

on developing different methods based on these technologies to clean surfaces.

An experimental approach by WCH Technologies Corporation in 2012,'* presented
an electronic wiper surface consisting of thousands of rectangular electrodes
embedded across the windscreen. They claimed that the electric forces actuated water
droplets at very high speeds (up to ten metres per second). However, the operating

voltages were as high as 10 kV.

The work presented in this thesis aims to expand on the electric-driven droplet
actuation techniques to explore new methods to reshape this technology with simpler
control requirements for the automotive sector. Furthermore, the cleaning platform
has to address several environmental and operational variables. For instance,

producing a low-voltage continuous droplet actuation without a control system,
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independent of the droplet size, property, or position. Furthermore, the developments
will likewise have other applications, such as droplet-based sensors, microfluidics,

and optical communications.

1.2 Thesis structure

Chapter 1 - Introduction

The introduction chapter presents the research goals, physical phenomena, and
reported current technologies. Furthermore, the research scope is discussed,
highlighting the motivation and relevance of developing a new cleaning platform for

the automotive industry.

Chapter 2 - Theoretical Background & Relevant Applications

This chapter reviews the fundamental theory of wettability, electrowetting, and liquid
dielectrophoresis. Here, the different droplet actuation methods and their application
are discussed. The concept of wettability and droplet contact angle is introduced to
explain the balance of surface tension forces acting on a sessile droplet. Next, we
evaluate the relationship between electrowetting and L-DEP via different
approaches, reviewing their behaviour as a function of applied electric field and

signal frequency.

Chapter 3 - Methodology & Materials
This chapter addresses the step-by-step device microfabrication process.

Furthermore, it presents the experimental methods, testing liquids, and

characterisation methods used in this thesis. Additionally, a testing stage and a

4|Page



modular electronic control system with a relay module are all described here. The

simulation software packages are also presented with their key working function.

Chapter 4 - Droplet Actuation Methods

Three droplet actuation methods are presented here; the sequential activation of
standard interdigitated electrodes (IDEs), continuous actuation of droplets using
variable interdigitated electrodes (VIDEs), and hydrophobic coatings to remove
droplets without any applied voltage. Furthermore, the working function of each

actuation method is discussed here, highlighting the main strengths and weaknesses.

Chapter 5 - Electrokinetic Forces

In this chapter, we study the generated electrostatic forces by the VIDEs using an
analytical and experimental approach. COMSOL Multiphysics simulated the electric
field distribution and penetration across the VIDEs with different electrode
geometries. The equivalent RC circuit network models estimated the critical signal
frequency as a function of electrode geometry and droplet position. Additionally, the
maximum electrostatic energy and force was estimated as a function of applied
voltage and signal frequency. Lastly, a new experimental approach investigated the
applied electric forces by considering a frictionless macro-size droplet situated on a

tilted substrate.

Chapter 6 - Large-Scale Droplet Actuation

The main focus of this chapter is to examine the scalability of the proposed actuation
methods. Large-scale droplet manipulation is critical in surface cleaning
applications. Several devices are presented to simplify the actuation process and to

reduce costs and complexity while improving reliability.
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7.0 - Applications

This chapter explores several applications of droplet manipulation via electric fields.
However, the emphasis of this work is dedicated to the droplet actuation for a
cleaning platform. The proposed cleaning platform was tested in controlled
conditions in a cleanroom, and on the road by mounting it to a car camera. An
alternative application is also considered based on a tilting micromirror platform
sensor. We presented a new optical device based on the L-DEP for beam steering.
Furthermore, the device is also suitable for studying and characterising L-DEP
without considering the droplet contact angle. Lastly, we propose a microhydraulic

actuator for a microfluidic application based on the VIDEs configuration.

8.0 - Conclusion & Future Work

This chapter presents an overall summary of the findings and reflects back to the
research goals. The final chapter evaluates the performance of each actuation method
and provides several suggestions for improvement. Furthermore, this chapter
includes several recommendations for a future study based on some preliminary

experimental results.
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Chapter 2
Theoretical Background &
Relevant Applications

2.1

Various droplet actuation methods are investigated here, underlining their strength
and limitations. This chapter reviews the relevant application and basic theory of
wettability, electrowetting, and liquid dielectrophoresis. The concept of wettability
and droplet contact angle is introduced to explain the balance of surface tension
forces of a sessile droplet. The relationship between electrowetting and L-DEP is
discussed using different approaches to study the electrokinetic response as a

function of applied voltage, contact angle, electric field, and signal frequency.

Methods of droplet actuation

Developing new and improved droplet actuating methods is a fundamental concern,
particularly in microfluidics.'> '® Various droplet-based applications can be realised
when droplets are transported, mixed, and sorted.!” The primary focus of research in
microfluidics has been to scale down conventional systems and improve their power
efficiency for new applications.!® Digital microfluidics, an essential branch of
droplet-based microfluidics, deals with the actuation of discrete droplets, such as
electrowetting and magnetic actuation.!” The recent developments in these
technologies present an opportunity for a larger-scale application, i.e., to clean
surfaces in the automotive sector. Different droplet actuation methods are addressed

here, highlighting several limitations and possible ways to improve them.

This chapter discusses six droplet actuation methods suitable for a cleaning platform,

including magnetic, electric, mechanical, acoustic, hydrophobic coatings, and
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thermal-based systems. Self-propelled droplet motion is possible via mechanical
vibration of the substrate.?’ However, a conventional mechanical system with many
moving parts (i.e., wiper blades) is the most reliable and mature technology
supported with over 100 years of research and development. However, they are prone
to a variety of problems, such as mechanical deterioration, acrodynamic noise, and
physical damage to the substrate.?’ > Foremost, their age is a commercial
disadvantage for a manufacturer trying to promote new technologies. For instance,
developing new smart technologies for autonomous vehicles is essential in their

business marketing strategy.

Acoustic-based droplet control is an attractive technology with good
biocompatibility and low power consumption in several MEMS platforms.?* %
Furthermore, a British automotive manufacturer, McLaren Automotive, has also
adopted an acoustic method (ultrasonic waves) to clean windscreens.? In their recent
design, acoustic waves are generated using a piezoelectric actuator.”® There are two
main acoustic wave modes, surface acoustic wave and bulk acoustic wave.!” Either
of these, or a combination, has been used in many other microfluidic applications.?’
Recent developments in this field demonstrated a de-icing processes activated by
surface acoustic wave (SAW).?8 Several factors regulate the actuation performance,
including liquid volume/flow and properties, power, and electrode design. Generally,
acoustic-based designs are sensitive to defects with a poor lifecycle and a basic

requirement for a complex control system. Furthermore, the acoustic waves could

accelerate the growth of micro-cracks found on the windscreen.

Droplet manipulation using magnetic fields is another common method with several
biological and chemical applications.?*! Interestingly, water is diamagnetic and can
be levitated in a very high magnetic field of 10 T (in comparison, the earth's magnetic
field is 50 uT).>* The gas/liquid interface can also be macroscopically deformed
using a strong magnetic field by a phenomenon known as the Moses effect.®?
Magnetic fields have also been used in other innovative applications, such as
controlling water droplets in a bulk ferrofluid and transporting them on a magnetic

fluid/nanoarray interface so that the droplets follow the motion of the gradient
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interface using the magnetic fields.** The magnetic-based platforms require
microfabrication with magnetic materials, which depending on the application can

be expensive and problematic.

Microscale thermocapillary effect is a thermal-based droplet actuation method using
either resistive heating or a directed laser beam.*>*® The micro-scale patterns require
accurate alignments, and they are prone to many mechanical defects due to the
thermal stress in the resistive heating technique. Alternatively, the laser beam method
is more flexible with better control, assuming that the position is identified using a

feedback control system, which can be expensive.?’

Furthermore, a low friction droplet motion is possible with a selective leidenfrost
effect.® Such a platform is unsuitable for a microfluidic or surface cleaning
application because of high temperatures (hundreds of degrees) with significant
power consumption. The American electric vehicle and clean energy company, Tesla
motors, recently filed a US patent based on a thermal technology for cleaning
surfaces using pulsed lasers.’* However, the practicality of this new technology is
widely debated because of high energy consumption, costs, and an operational

requirement for a complex control system.

The electric-based technologies can be classified into two categories, electrowetting
and dielectrowetting systems.*’ In recent years, droplet motion by electric means has
gained more attention than other methods such as acoustic, magnetic, pneumatic, and
thermal actuation. This is because of the excellent response time, reliability, and
accuracy of the droplet actuation. However, the technology is limited by the
dependence on the droplet chemical properties, size, and position. In addition to high
fabrication and experimental setup costs.*! Furthermore, hydrophobic coatings are
similarly a sub-branch of the electric-based system. An extensive analysis of this

technology is also discussed in the next section.

The primary objective of this thesis is to propose new methods to overcome the key

limitations of the electric based systems. Thus, making the technology relevant and
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2.2

applicable in a surface cleaning application. The new design should employ lower
operating voltages (at least 100 V or less). There is also a significant emphasis on
simplicity to produce droplet actuation independent of the droplet size, position, and
chemcial properties. Therefore, the optimum design should rely on a self-cleaning
mechanism without active control. Furthermore, the cleaning platform should be
scalable, from a few millilitres to clean miniaturise electronic sensors, up to several

inches to clean large body parts.

Wettability and hydrophobic coatings

The wetting phenomena are some of the most significant concepts in hydro-physics
with numerous practical applications.*> ** For example, making the rain droplets
bead up on a freshly waxed car so that it is protected from rust. The different wetting

behaviours are shown in Figure 2, demonstrating the droplet’s profile as a function

of surface energy.

(C)

Figure 2 Schematic drawing showing the three main wetting behaviours. The droplet contact
angle is the physical angle between the liquid and gas interface. (A) Superhydrophobic
surface. (B) Hydrophobic surface. (C) Hydrophilic surface. (D) Superhydrophilic surface.
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The definition of wettability can be simplified to the preference of a solid surface to
be in contact with one liquid rather than another.** The term “preference” describes
the equilibrium balance between the droplet’s solid, liquid, and gas interfacial forces
near the droplet contact line. The spreading parameter (S) distinguishes the two
opposite regimes of wetting. It is the difference between the surface energy of the

substrate when it is wet and dry.

S=ysc—Vv—VsL (1)

where ygg, ¥, and ys;, are the solid/gas, liquid/gas and solid/liquid interfacial
tensions, respectively.*> The spreading parameter should be negative to achieve
partial wetting (S < 0), forming a hemispherical cap with an equilibrium contact
angle, 0. This will translate into many fluidic behaviours with various applications.**
46 Droplets with a contact angle higher than 90° are classified as hydrophobic, and
contact angles greater than 150° are considered superhydrophobic (see Figure 2 A,
B). Any droplet impacting these surfaces will roll off or rebound like an elastic ball.*’
This behaviour is due to the reduced contact area between the droplet and the
hydrophobic surface. In nature, lotus leaves have a unique self-cleaning ability to roll
off any droplets, and thus, removing any dust particles on the leaves. This self-

cleaning phenomenon is known as the “lotus effect” (see Figure 3).

On the other hand, to achieve total wetting, the spreading parameter must be positive,
(S > 0), and the droplet will spread into a complete film to reduce its surface energy.
Typical examples are when a high energy surface like glass or silicon substrates are
in contact with liquids with low surface tension, such as ethanol or toluene. The
system is considered hydrophilic when the contact angle is less than 90°, and
supperhydrophilic if the angles are lower than 5° (see Figure 2 C, D). Hydrophilic
properties is one of the central surface properties which play an essential role in
several practical applications, including water treatment, oil in water separation,

various fluid operations in biomedical devices, and pervaporation.*®
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Figure 3 Phenomenon known as the “lotus effect”. (A) Droplets with a high
contact angle formed on the leaf. (B) Schematic model showing the micro and nano
scale features on the lotus leaf. (C) Scanning electron microscope images showing
the pillars of a natural lotus leaf. (D) High contact angle (greater than 150°) of a
water droplet on a lotus leaf. &7

The free energy of a resting droplet is the total sum of areas of the interfaces between
the solid, liquid and gas phases.*’ Young’s equation elaborates on this relationship,
which relates contact angle to the interfacial forces between the gas, liquid, and solid
phases (see Figure 4 A). Young’s equation (Eq. 2), is derived by balancing the
horizontal forces acting on the droplet’s three-phase contact line.*’ This equation is
also the fundamental basis for the Lippman equation that predicts the

dielectrowetting and electrowetting behaviours as a function of contact angle.
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Furthermore, recent experiments revealed that Young’s equation show a limited
scope of the problem with minor details missing. The fundamental theory was
reviewed from a thermodynamic point of view by employing energy minimisation
and variational approach.>® The derivations offer a deeper understanding of droplet
contact angle.’® The new approach likewise provides a theoretical basis for rough or

chemically heterogeneous surfaces.

The theory of surface tension states that there are fewer molecules near the surface
of a droplet than in the bulk, and that it is always moving towards equilibrium to
reduce the total surface area.’! The Bond number expresses the importance of gravity
to the surface tension force acting on a droplet,”? B, = ApgR? /o, ; where Ap is the
density difference between the surrounding medium and the droplet, R is the
droplet’s radius of curvature, g is the acceleration generated from gravity, and g;
is the liquid-gas surface tension. Majority of electrowetting studies use a Bond
number less than unity to disregard the effect of gravity.’?> Many insects and
arachnids in nature have evolved numerous micro/nanoscale morphological

adaptations to rest or move on liquid surfaces.>

According to Young’s law, there is only one stable contact angle, whereas a droplet
resting on a tilted substrate can have multiple static contact angles.>* The definition
of contact angle hysteresis is the tendency of a droplet to roll off a surface. It is
calculated by subtracting the advancing contact angle away from the receding contact
angle.>® The standard method to calculate the contact angle hysteresis is using the
“tilting cradle method” which is the difference between the contact angles at the back
and front edge of the droplet when it is moving on a tilted surface (see Figure 4 B).>¢
An alternative method is the “volume changing method”.®’ In this method, the liquid
is steadily injected and extracted from a droplet resting on a static substrate. The
highest contact angle before the droplet starts to move is known as the advancing

angle, whereas the smallest angle is the receding angle.
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The droplet sliding angle, is a characterisation method to measure the droplet
mobility on a substrate (see Figure 4 B).>> High droplet mobility requires a low
adhesion between the substrate and the droplet, such that the droplet can slide off the
substrate at a small inclination angle. On the other hand, hydrophilic surfaces with

significant surface adhesion have a high sliding angle.

Substrate

Figure 4 (A) Schematic showing three main interfacial energy phases (y) of a resting
droplet on a surface surrounded by gas. The contact angle (0) is the angle between the
liquid/gas and liquid/solid interfaces. (B) Side view schematic showing a droplet on a
tilted surface with a sliding angle (0s), advancing angle (64), and receding angle (0r).
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It is also essential to consider the effect of surface roughness on the contact angle.>®

There are three fundamental models that describe the effect of surface roughness. In
Cassie-Baxter’s model, the droplet can rest on the peaks of a rough surface.
Therefore, reducing the total surface contact area (see Figure 5 A).>” In Wenzel’s
model,*’ the droplet is in contact with the entire surface, and consequently increasing
the total interfacial contact area (see Figure 5 B). Finally, the surface roughness can
be modified with a slippery liquid-infused porous surfaces (SLIPS) to minimise the

contact line pinning and contact angle hysteresis,’! (see Figure 5 C).

A) B) C)

Cassie-Baxter Wenzel SLIPS

Figure 5 Schematic drawing showing different contact angle scenarios. Water
droplet in (A) Cassie-Baxter state, (B) Wenzel state, and (C) on a SLIPS.

Typically, the contact angle hysteresis rises for a Wenzel case and decreases for a
Cassie-Baxter case.” Rough features in the Wenzel case can pin the droplet at a point
when they are in contact with the corners of a rough surface. This concept is even
more complex in a 3D scenario, as the droplet is in contact with a combination of
pillars and holes in different locations.®? Naturally occurring surfaces have a complex
topography.5® In reality, a combination of both Cassie-Baxter and Wenzel models

can be used to describe these surfaces.

Surfaces with complex topographies are more beneficial at generating high contact
angles with low contact angle hysteresis. Note that this relies on the droplet

remaining in the Cassie-Baxter state. There are several fabrication methods to create
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hydrophobic coatings. several good examples are textiles and fibers, etching patterns,
particles, crystal growth, templating, phase separation, lithography, and diffusion-
limited growth.®* To produce a superhydrophobic surface, the surface chemistry
needs to be hydrophobic with a roughness on a scale smaller than the liquid capillary

length to reduce the total surface contact area.®®

Hydrophobic coatings have applications in various fields such as anti-corrosion, anti-
icing, self-cleaning, medical equipment, textiles, and all sorts of industrial surfaces.®¢
Although commercially available cheap hydrophobic coatings such as Rain-X are
appealing, they are similarly susceptible to chemical degradation.®’” Furthermore, a
fast-moving vehicle cannot use a coated windscreen with a windscreen wiper
because of the “Latitude problem”. This is when the wiper pulls the rain droplets
back across the windscreen to the driver’s viewing area, and it can be very distractive

and dangerous.

The continuous droplet motion without any applied external forces has applications
in microfluidics for various chemistry and bioassay studies.®® The latest
developments in the literature are based on a surface tension gradient from
hydrophobic to hydrophilic, to produce a self-propelled droplet motion.®> 7 The
droplet movement requires surface modification via either topography or chemical

variations to create an energy imbalance across the droplet.

The large-scale droplet motion demands a sufficiently high wetting gradient with a
small contact angle hysteresis. Superhydrophobic coatings are the preferred choice
to produce a maximum wetting gradient with a low contact angle hysteresis.”!
However, these surfaces are prone to morphological defects (from abrasion or
vibration) with a small lifespan and limited application outside of any controlled
environment. Despite extensive progress, majority of the effective surface
modifications eliminate the device transparency, such as fabricating nano-wires or
micro/nano-pillars.”?> There are also new methods based on the wettability gradient
to transport microscopic liquid layers using a unique topological structure.”> The

topological fluid diode enabled long-distance directional liquid transport.
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2.3 Electric-driven actuations

The main disadvantage of using hydrophobic coatings by topographical patterns or
chemical deposition is their static nature, which limits their application. They are
similarly prone to declining performance over time because of degeneration,
contaminants, and defects. In contrast, electric-driven droplet actuation allows
repetitive change of contact angle with many unique advantages such as reliability,

accuracy, active control, and repeatability.”*

There are two primary electric-based methods to modify the surface wetting, and

they are dielectrowetting, and electrowetting.”> 76

They are both an
electrohydrodynamic response of the liquid to an applied electric field. The main
distinction between them is that dielectrowetting is governed by liquid-
dielectrophoresis, which is a bulk force generated by polarising the dipoles in the
liquid using a non-uniform electric field.”” While electrowetting occurs from the
movement of free charges in a conductive medium.’® In principle, the electric field
penetrating the droplet contact line attracts both the polarised dipoles and the free
charges within the medium. Therefore, for a complex liquid such as rainwater, the

dielectrowetting and electrowetting effects are the high- and low-frequency

responses to an applied electric field in the same system.”

2.3.1 Electrowetting

One of the most widely used methods for manipulating droplets is electrowetting.
The roots of electrowetting started with the electrocapillary phenomenon, first
described in 1875 by Gabriel Lippmann. His study concluded that the capillary
depression of mercury in contact with an electrolyte solution could be modified by
applying a voltage difference between the electrolyte and mercury. Since then, the
phenomenon has been widely studied and adapted to remain relevant for various

applications by a steadily growing community of researchers.*
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The most critical variation of electrowetting is based on employing an insulating
layer over the electrodes to provide electrical, chemical, and physical protection. This
configuration is also known as electrowetting on dielectric.®’ Prominently, the
insulating layer in the EWOD configuration prevents the chemical process of
electrolysis, in which ionic substances are broken down into simpler substances by

t.82

an electric current.® This is a major barrier in many applications of electrowetting,

particularly manipulating droplets for chemical or biomedical analysis.

The droplet manipulation using electrowetting is achieved using different electrode
designs (see Figure 6). The two predominant configurations are a planar electrode
design, also known as an open design, and a sandwich structure,®* where the droplet
is grounded using a top-plate and an array of electrodes situated under the droplet.
Electrowetting has also been demonstrated on curved surfaces (convex or concave
curvatures) using flexible substrates.®® Flexible substrates have several advantages,
such as cheap production, ease of processing, mechanical flexibility, lightweight,
etc.¢ Furthermore, transparent devices have been demonstrated in several studies
using graphene or indium tin oxide (ITO).%"-#

In contrast to hydrophobic coatings, EWOD has proven successful in many respects,
particularly a large contact angle variation (tens of degrees).®® Furthermore, the use
of an insulating layer in EWOD further extends the limitations of contact angle
saturation due to higher input voltages (several hundred volts).” EWOD enables high
switching speeds up to the droplet hydrodynamic response (approximately 300
milliseconds), in addition to long term stability after thousands of switching cycles
without noticeable changes.”! Other advantages of EWOD include device

miniaturisation, easy operation, low power consumption, and reversibility.

Continuous electrowetting is a suitable candidate for large-scale applications for
reasons of simplicity without size limitations.”® The initial concept of the continuous
actuation was achieved using liquid metals in a closed channel.”® The electrowetting
technique relied on a voltage difference drop across a thin layer of aqueous

electrolyte to produce droplet motion. The introduction of nonlinear circuit elements
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enabled a continuous droplet motion. Embedded diodes achieved continuous droplet
motion using induced electro-osmotic and electrowetting effects.”*° Note that
continuous electrowetting using embedded diodes require a conductive testing liquid

and a safety enclosure to prevent electrical shock.
A) q B)

" A

—{—1— Resistance . Water
+  Ground i Si Electrode
¥ Diode Dielectric Layer
Ve Voltage Source mmm Substrate
T Dielectric mmm Metalic Electrode
Capacitance

Figure 6 Schematic drawing showing different electrowetting electrode
configurations. (A) Droplet on a surface with a voltage source connected from above
using a conductive rod. (B) EWOD sandwich structure when the droplet is placed
between two parallel plates. (C) Open structure electrode configuration where the
voltage and ground signals are connected via a single layer. (D) Continuous
electrowetting device with diodes. The actuation direction is shown by an arrow.
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Electrowetting has not only been a critical scientific phenomenon, but it is also a
viable technology for several applications, such as electronic displays, energy
harvesting, and microfluidic systems.”’””” The variable-focus lens is another
applications of electrowetting, in which the liquid movement changes the focal
length of the lens.'% Furthermore, digital filters with electrowetting functionality has

been reported for separating oil-water mixtures and cleaning oil spills.'%!

There are several reported programmable droplet actuating platforms, delivering
precise control on different surfaces.”” 192 The primary application emerging from
this technology is digital microfluidics (DMF).!% A typical DMF device consists of
an array of electrodes, in which droplets containing samples (i.e., reagents) are
dispensed from a reservoir, transported, combined, or even split into smaller droplets
for analysis.!® These are critical operations for a typical lab-on-a-chip device.'®’
Additionally, microfluidic chips based on EWOD have also been demonstrated for
medical diagnostics with combined droplet generation and manipulation
functions.! There are reported EWOD studies focusing on biomedical

technologies,'’” and a control mechanism in a channel-based microfluidic system.!'%®

Moreover, there are reported electrowetting-based display panels with applications
in electronic paper.'® The principle of operation is an oil-based droplet with a
dissolved dye that is confined to a square pixel. Likewise, the electrowetting displays
can produce arbitrary colours by dividing each pixel into subpixels and arranging
multiple oil layers with a variety of dye colours.!!’ Furthermore, the reported
reflectivity of these electrowetting-based displays is at least four times stronger than
a typical liquid crystal display which also needs polarisers, and so is inherently less

reflective than an electrowetting based display.””

Other recent developments have also demonstrated micro-scale electrowetting-based
hydraulic actuators (linear and rotational microhydraulic actuators), presenting a
novel method to convert electrical power to mechanical power.!!! Electrowetting is
similarly applicable to mechanical-to-electrical energy conversion.!'? The energy

conversion method is based on the reverse electrowetting, in which electrical energy
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is generated using an array of moving droplets. Furthermore, an electrowetting

battery is also reported consisting of an electrode having a nanostructured surface.''®

Electrowetting is also applicable in optical communications demonstrated by an
electrowetting based optical switch with an adjustable aperture.''* The principle of
operation for the optical switch is based on creating an aperture through which light
can pass by replacing a water droplet with a non-transparent oil film. Additionally,
an adaptive optical beam steering has also been reported based on an electrowetting
driven fluidic rotor.'!® The study verified the actuation of a macro-size structure with

a water droplet.

Electrowetting creates an electric double layer by applying an electric field between
the liquid-solid interface to reduce the droplet contact angle.’> The electric double
layer is an electrostatic structure that forms on the surface when an electric field is
applied across a conductive liquid.!'® Therefore, a cloud of charged molecules will

accumulate near the liquid-solid interface, !'7 as depicted in Figure 7.
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Figure 7 The electric double layer near the liquid-solid interface due to
adsorption of the charged ions with two combined layers: a diffuse layer and a
stern layer. The electric double layer can also be illustrated as a parallel-plate
capacitors.
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The electric double layer can be illustrated as a parallel-plate capacitor in series. The
stern layer is a capacitive structures formed by a thin concentrated layer of oppositely
charged ions to the substrate.'!” The thickness of this layer (typically, 1 to 5
angstroms) depends on the size of the ions with a much lower relative permittivity
than the bulk liquid because of the orientation of the molecules.!'® The other
capacitor is known as the diffuse layer with a decaying potential.''® Furthermore, the
capacitance of the double layer deviates for surfaces with different wetting

properties, i.e., the hydrophobic surfaces with a smaller interface contact area.

The original Lippmann’s derivation of the electrowetting equation is based on
interfacial thermodynamics, that a reduction in surface tension is possible with an
applied voltage. Lippmann’s experimental set up was based on bare mercury exposed
to an acidic electrolyte solution and the charge accumulation from the double layer
reduced the surface tension. The effect is almost immediate after applying a voltage,

and the effective interfacial tension, g4 ®/7, is defined as:
dO-SIeff = —psdU 3)

where pg is the surface charge density of counter-ions, and U is the electrochemical
potential. The voltage dependence of 0¢// is derived by integrating (Eq. 3). The
Helmholtz model can be used to solve this equation, where the counter-ions are in a

thin double layer with a distance, dy away from the substrate. As a result, the

. . &€&
capacitance per unit area of the double layer can be expressed as, Cy = ;—l , Where
H

g, is the dielectric constant of the liquid.'?

For a case where the metal is in contact with an electrolyte solution, the electrolytes
gather on the metal interface, and the charge accumulation reduces the surface
tension. Therefore, the electrolyte concentration (pg;) on the metal interface varies
with the applied potential, (o5 = CyU). As a result, combining the expressions for
Cy and pg), and integrating both sides, expresses the surface tension before and after

the electric potential is applied, as it is shown in Eq. 4:!%!
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Here, &, and g, are respectively the dielectric constant of the double layer and the
vacuum permittivity. Up,. is the potential difference of zero charge, which is the
potential without the spontaneous charge accumulation. Therefore, an estimation for
the change of the contact angle is obtained as a function of the applied voltage when

combing Young’s equation with (Eq. 4):>
= L g § 2
cosf = cosby + 2dnon (U = Upze) (5)

Where 8 and 8y are the contact angles after and before applying the voltage,
respectively. The double layer is relatively small for classic electrowetting, 2 nm or
less, demanding a low applied voltage to avoid system failure. On the other hand,
depositing a dielectric layer in the EWOD configuration (see Figure 8) introduces a
capacitive structure, (Cq = €y€4/d), near the insulator-liquid interface, where g4 is
the dielectric constant of the dielectric layer. Furthermore, the EWOD configuration
can be modelled as two capacitors in series and the total capacitance can be

simplified to just Cq.'?

Droplet

Cq Dielectric

Electrode

Base

Figure 8 The capacitive structures in the EWOD configuration. The
electrowetting effect changes the droplet contact angle by applying a voltage
difference between the electrode and a droplet.
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The penetration of electric field can be neglected under the assumption that the liquid
is a perfect conductor. Therefore, the voltage drop occurs within the insulating layer,

and by assuming Uy, is zero, (Eq. 4) can be modified into:

&

=4 (U)? (6)

Gsleff(U) = 05 —

The length of the double layer is longer in the EWOD configuration (typically up to
1 um), and the EWOD equation is derived when combining (Eq. 6) with (Eq. 2).'%
The dimensionless electrowetting number (1)) is introduced in this equation to define
the strength of electrostatic energy with respect to the surface tension. Furthermore,

it is dependent on the material properties of the insulating layer.
cosf = cosby + %(U)2 = cosfy + 1 (7)
v

The close observation of (Eq. 7) summarises three main points for achieving the
largest EWOD effect. Firstly, the initial contact angle should be as large as possible.
Furthermore, the dielectric permittivity of the dielectric layer and its thickness play
a major role. Lastly, a higher applied voltage should be employed to generate larger
changes in the contact angle. However, the EWOD effect has two main limitations.
Firstly, the applied voltage will no longer decrease the contact angle pass a certain
limit, known as the contact angle saturation.”® Secondly, high voltages could produce

irreversible damage to the dielectric layer, resulting in a dielectric breakdown. ! 124

2.3.2 Dielectrophoretic actuation

Dielectrowetting is based on dielectrophoresis (DEP) which refers to the
electromechanical force generated when polarising a medium using non-uniform
electric fields.”® Liquid dielectrophoresis (L-DEP) was initially performed by Pellat
in the 18th century. The phenomenon was somewhat unexplored until Jones
developed a pump mechanism by applying a potential difference (over 19 kV)

between two parallel plates.!? It was later verified that miniaturising the electrodes
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(two co-planar electrodes) created a “wall-less” electrode to actuate an oil stream
against gravity using a few hundred volts.* In principle, the lower applied voltage
stems from the scaling of the L-DEP force, which is related to the applied electric
field (FLpep o< E?).7

Following this, several other groups explored the phenomenon and confirmed that
the change of contact angle using L-DEP followed a [cos(0) < V?] relationship,
similar to electrowetting.'?® L-DEP behaviour was investigated using liquid crystals
to create a liquid lens.!?” Later, L-DEP gained additional attention for overcoming
the limitation of contact angle saturation.'?® The hemispherical droplet achieved
complete wetting using high voltages (i.e., 300 V).'?° This work later established the
interface localised L-DEP to control the liquid/air surface curvature for optical

applications, such as programmable diffraction grating.'*°

Microfluidics is the control and handling of liquid samples on a small scale. It is
divided into two categories, digital microfluidics and continuous microfluidics.”®
L-DEP manipulation has attracted a great deal of research interest, notably in the
fields of lab-on-a-chip microfluidics.*! The L-DEP based microfluidic devices
demonstrated the ability to dispense and manipulate droplets down to the order of
picolitres. The actuation of deionised (DI) water and other dielectric solutions in a
microfluidic system has also been demonstrated using L-DEP forces.!*? The
actuation of larger droplets using dielectrowetting was presented using interdigitated
electrodes.'*? The study verified the splitting, joining, and moving of dielectric
droplets in a discrete manner, operating in excess of 340 V. This study was followed
by investigating anti-biofouling performance with a slippery lubricant infused

surface using electric fields.'

Additionally, dielectrowetting is suitable for a variety of optofluidic devices.!** Other
studies have also explored the application of dielectrowetting in creating optical
switches, for example, to block laser beams or generating single pixel colour

arrays.!*> 13 Moreover, dielectrowetting can also control the liquid’s solidification

process when exposed to ultra-violet (UV) light or heat to determine the profile of
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the cured solid.'*” This technique removes the requirement for a photolithographic

mask in the microfabrication process.

The induced drift motion of charged particles suspended in polar solutions under the
influence of an electric field is the basic definition of electrophoresis.'*® The particle
size and charge can increase the actuation velocity, but it is also limited by the
balance between the electrostatic and viscous drag forces.'*” Figure 9 shows a
polarisable particle inside a wuniform (electrophoresis) and non-uniform
(dielectrophoresis) electric field.> Unlike electrophoresis, the polarisation contour
shows that there is no force acting on the particle when the electric field is uniform.
However, when a particle is placed inside a non-uniform field, a dielectrophoretic
effect is realised (see Figure 9 B). The force acting on one end of the dipole is unequal

to the force acting on the other end, and a dielectrophoretic net force arises along the

gradient of the field.!*
FDipole = (p.V)E ®)

The bold letters here are referred to as a vector quantity. Here, p is the dipole
moment, and E is the magnitude of electric field. Note that Eq. 8 shows that the net
force is zero when the electric field is uniform. The electric field around the sphere
in figure 9 (A) is not uniform, but is instead distorted by the presence of the sphere.

Thus, this does not result in a net force on the particle due to symmetry.

-ve +ve -ve

+vel

Uniform Field - no DEP
Non-uniform Field - DEP

DEP
— - ' <—

Figure 9 Schematic showing the polarisation of a particle suspended within a uniform
and non-uniform electric field. (A) The uniform electric field induces polarization (no
DEP), and (B) non-uniform electric field inducing a DEP force. The DEP force generated
in the non-uniform electric field because of the gradient of the electric field.?
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The primary testing liquid in this thesis was water. Relative permittivity of water
varies from 87.9 to 69.8 when increasing the temperature from 0 °C to 50 °C,
respectively.!*! From a practical perspective, water (rainwater) consists of many
dissolved molecules and ions. In most cases, the electrical conductivity of water is
affected by dissolved impurities. The process of ion hydration is when the water
molecules (dipoles) are attracted to dissolved ions, i.e., surrounding them. Hence, the
ionic charges move to minimise the electric field in the bulk of the liquid water.
Consequently, employing an A.C. signal frequency enables the manipulations of

various conductive and dielectric liquids.

The DEP effect (see Figure 9) is based on the actuation of particles suspended in a
liquid medium. Therefore, the theoretical approach is no longer valid when
considering a macroscopic droplets on a solid substrate. The calculations are based
on the basic assumption that the particle is minutely small. Therefore, the gradient of
the electric field does not change at the length scale of the particle diameter. Hence,
the problem is simplified to a single dipole moment vector, but this assumption is
misleading for a large droplet. This is particularly important for electrode fingers in
the micro-scale, and therefore, the droplet cannot be treated as a single dipole
moment vector. Consequently, the actuation of a liquid droplet using a non-uniform
electric field is defined as the liquid dielectrophoresis phenomenon. In the case of
L-DEP, the liquid does not require physical contact with any specific surface for the
actuation of a droplet.'?® The L-DEP effect is independent of the electrode and liquid
polarity, but the bulk force continues to deviate towards the region of highest electric

field.

Contrary to the EWOD, the Joule heating effect in L-DEP can be significantly high,
notably for water.!*> Moreover, this effect is also dependent on how much electric
current flows. Joule heating refers to the process where the electric energy from the
electric fields is converted into heat within the liquid. In a perfectly dielectric liquid,
this effect is local within the electric field’s penetration depth. Nevertheless, this

effect should be considered for some applications where it is a design limitation, such
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as MEMS devices, or rather beneficial in automotive applications, i.e., to melt ice

layers.

We considered three theoretical models to study L-DEP. Firstly, the interface
localised theorem, then the electrostatic forces, and lastly, Pellat’s experiment with
two parallel plates. There is also a recent development providing a numerical
simulating based on the Lattice-Boltzmann method to study the L-DEP force within
a multiphase dielectric liquids.'* The L-DEP and electrowetting effects overlap in
some scenarios, and it is the signal frequency, electrode geometry, and liquid
properties that differentiate the two actuation methods. L-DEP actuation is possible
for many dielectric liquids, and it is influenced by the ratio between the permittivity

and liquid surface tension, as depicted in Table 1 for different liquids.

Table 1 Material properties for different testing liquids, collected from a referenced source.'** The
surrounding fluid is air. Note that the value of liquid permittivity is tested in the kilohertz signal
frequency spectrum at room temperature.

Testing liquids £1/€ o1, (MN/m)
Propylene carbonate 66.1 40.9
Propylene glycol 27.5 35.5
DI Water 80.0 72.0
Mineral oil 21 29.3
Hexadecane 2.05 27.1
Isopropyl alcohol 19.92 22.0
Hexane 1.88 18.4
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2.4 Interface localised L-DEP

The magnitude of L-DEP depends on the permittivity of the liquid and surrounding
fluid, in addition to the applied electric field. The L-DEP effect is strictly localised,
and it is the strongest at the three-phase contact lines, and rapidly diminishes along
with the liquid-gas interface. The droplet spreading behaviour can be explained by
combining the L-DEP theory with the fundamentals of wettability. To relate
dielectrophoresis within the context of wettability, it is first assumed that a thin layer
of dielectric liquid with a depth 4, is having an electric potential that decays
exponentially, U(z) = U, exp(—2z/8).1?> % The electric field can be determined
using E=—VU, and the electrostatic energy per unit contact area, wg, stored in the
liquid is then given by integrating the dielectric energy density, and can be simplified

into the following equation:'4®

4h
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Furthermore, the droplet size is much larger than the penetration depth of the electric
field. As aresult, Eq. 9 can be simplified into, wy = — g,¢; Uy®/28. The penetration
depth of the electric field §, localises the effective changes in the energy to the
vicinity of the liquid-solid interface. Thus, a localised potential with an exponentially
decaying profile is appropriate in this model. The extent of the wetting for a droplet
is described by the balance between interfacial tension forces of solid, liquid, and gas

interfaces to satisfy the conditions for minimum energy.

In a scenario where the droplet is spreading, the effect of increasing the droplet
contact area by a small area A4, is better defined by substituting the ygg interface by
the yg;, interface. Therefore, the change in the free surface energy AF, can be defined
as, (Ys1. — Ysg) AA. Also, the liquid creates an additional liquid-vapour surface area
as it moves along the surface, and the surface free energy increases by the following
expression, y;,gAA cosB. Moreover, assuming that there is an electric field

penetrating the liquid, the L-DEP energy in the newly expanded region changes from
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its surrounding value in the gas to that in the liquid, defined by the following
expression, — £,(g; — &,)Uy?AA/26. Therefore, Young’s law can be modified based

on the L-DEP principle to describe the new equilibrium contact angle, 46

cosf(U) = cosby + %;?’)(U)z (10)
As was previously discussed for electrowetting, capacitance is the ratio of capacitive
energy per unit area to the liquid-gas interfacial energy per unit area. There is an
effective capacitance of the electrodes under a liquid, and an effective capacitance
for the electrodes under air. In this approach, the difference of approximations of the

two capacitances is used.

2.5 Electrostatic forces

The theories mentioned so far consider the change in the contact angle as a function
of applied voltage, but they fail to define the actuation forces exerted on the liquid.
The problem can also be simplified to a fluidic flow resulting from electromagnetic
forces. The magnetic fields are ignored because the dynamic currents in the
microscale systems is minute.’> Therefore, electrostatic is the only governing
principle. Technically speaking, a persistent body force is always acting on a droplet
located in an electric field. Aside from the mechanical forces, i.e., pressure and shear
stress, a Coulombic force is exerted from the interactions between the free charges

in the liquid, thus generating an electrostatic force.

There are two ways to describe the actuation force in the electrostatic field. The first
method is the Thomson’s theorem, in which the total energy of the electrostatic field
is kept at a minimum by modifying the geometry of the system and thus inducing a
mechanical force.!*’” The second method is based on a theory coupling the
electromagnetic fields to the mechanical forces, also acknowledged as the Lorentz

force law, (f? = p¢E).'*® The force density, f? per unit volume is valid in a stationary
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electrostatic field, where p¢ is the charge density per unit volume, E is the electric

field intensity, and the bold letters are vector quantities.

However, apart from the response of the free electric charge density, there is also
another term for the polarisation density in the presence of the electric field gradient.
The most frequently used formulation is the Korteweg-Helmholtz body force density

for simple liquids:!'*

b _ _1r2 1p. po
f° = peE —2E*Ve + V(S E Eap) (11)

where p and ¢ is the mass density and permittivity of the fluid, respectively. The
electrostriction in the electric force (third term) can be neglected when the liquid is
incompressible and homogeneous. Hence, the body force density in the
electrowetting actuation can be written as, (f° = p¢E — 0.5 E?Ve).'* In contrast, in
the case of dielectric liquids (pf = 0), the force generated by the free charges is also
neglected, and the L-DEP force (ponderomotive force density), is deducted to,
(f?= 0.5 E2Ve). Note that the magnitude of the electric field should be as high as
possible either by increasing the applied voltage or modifying the electrode

geometries to generate the largest dielectrophoretic response.

The electrostatic pressure on the body's surface is proportional to the electric field
intensity. Consequently, there is a body force towards the largest electric field
intensity, which is also the very definition of dielectrophoresis. The body force
density equations can also be written as the divergence of a stress tensor, also referred

to as the Maxwell stress tensor.'°
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2.6 Parallel plates experiment

Pellat’s experimental set-up in 1895 consisted of an applied voltage difference
between two parallel plates (see Figure 10). The experimental approach is unique
since the calculations are based on the rise of the liquid between two parallel plates.'®
Therefore, this approach is commonly used for the frequency-dependent analysis of
electrowetting and L-DEP. In the original set-up (see Figure 10 A), the dielectric

liquid rises against the pull of gravity using a dielectrophoretic body force.!>!> 152

Electrodes /
' Dielectric* |8

layer
thickness=d |i§

(A) (B)

Figure 10 (A) The original Pellat’s experiment showing the electromechanical
response of a dielectric liquid between two electrodes. (B) The modified Pellat’s
experiment showing the rise of conductive liquid between two electrodes.

The modified Pellat’s experiment by T. B. Jones demonstrated liquid actuation up
the parallel plates using conductive liquids by coating the electrodes with an
insulating protective layer (see Figure 10 B). The distance between the two
electrodes D, is much greater than the thickness of the insulating layer d, (D > d).
Jones approach considered the influence of capillarity on the hydrostatic equilibrium.

Hence, the liquid rise h is expressed by the rise in the normal capillary effect h.qy,,

and then an additional rise from the applied voltage hgyop. The EWOD effect is
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2.7

determined using a free body diagram balancing the surface tension force at the
contact line against the gravitational force. Therefore, the liquid rise against gravity
is in principle a voltage-induced decrease of the liquid contact angle.'*> Note that the
electric field in a parallel configuration is not uniform across the entire length of the

electrode (closer to the end), which is a contributing factor in the actuatiuon process.

Frequency dependent actuation

The actuation behaviour depends on the time average voltage (RMS) for
electrowetting responses with a signal frequency exceeding the hydrodynamic
response time. This is only true if the liquid is a perfect conductor, and the basic
assumptions in the Lippmann equation are not violated. However, this notion breaks

down upon increasing the signal frequency.”

At moderate frequencies, the ions in the liquid follow the electric field and as a
consequence, screens the electric field from penetrating the inner bulk of the liquid.
This is only valid up to a critical frequency w., where the liquid is a perfect conductor
at values far below w,, (electrowetting is dominant).> >3 On the other hand, at a
much higher frequency w>>w,, the electric field penetrates the liquid interface, and
generates a bulk L-DEP force. Furthermore, the critical frequency depends on other

factors such as the geometric and electric properties of the dielectric layer.>?

The frequency-dependent transition from a conductive to a dielectric behaviour for
various salt concentrations has already been reported.'** The basic modelling in these
experiments was based on the assumption that the liquid layer is acting like a
capacitor in parallel with an ohmic resistor (see Figure 11 A). Furthermore, there was
a frequency-dependent analysis of the electric force moving the liquid upwards
against the force of gravity. Their study presented an expression based on the balance

of these forces that, h = K (w)U?, with an analytical function K (w), highlighting the
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low- and high-frequency limits."** All material parameters and the frequency

dependence are contained in the coefficient.

Figure 11 B illustrates the values for the analytical function K (w) derived from the
experimental data by measuring the rise of the height of the liquid layer versus
voltage curves. Note that the DI water curve changes after 1 kHz, whereas the KC1

solution changes well beyond the 100 kHz limit.
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Figure 11 (A) Recreated schematic diagram showing the equivalent RC circuit
model of a parallel plate experiment. (B) Graphical data showing values for the
analytical function K(w), derived from experimental data.’

Electrowetting is a robust phenomenon with some dependence on liquid properties.
Even though DI water exhibits some electrowetting characteristics at low frequency
(less than 1 kHz), it is more common to use liquids with higher conductivity, such as
aqueous salt solution.” In contrast, the properties of the dielectric layer are far more
important with regards to the signal frequency. The optimisation of this layer can

improve the overall performance by reducing the operating voltages.

In principle, publications by Jones reported some clarity on the driving actuation
mechanism as a function of signal frequency for a range of dielectric and conductive
liquids.*> ™ Figure 12 A demonstrates a cross-section of the tip for a

dielectrophoretically driven water strip by an applied AC voltage using a planar
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electrode configuration. The equivalent resistor—capacitor circuit (RC circuit)
network model demonstrates this relationship as a function of capacitance in the
dielectric layer C,4, capacitance in the liquid C, (dielectric nature), and the liquid
conductance G,, (conductive nature). They reported that a dielectrophoretic response
was possible using strong electric fields with an appropriate signal frequency to
generate a strip of liquid injected from a larger droplet. The estimated critical

frequency separating the low- and high-frequency is expressed as:*

Gw
©e = Carerty (2

Similar to the previous configurations, the frequency-dependent actuation at a much
higher frequency o> w,, the electric field penetrates the liquid interface, generating
a bulk L-DEP force pulling a stream of liquid away from the mother droplet (see
Figure 12 B).

A)

Gy

e
| — v -
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Figure 12 (A) The equivalent RC circuit network model and a cross-section of
a droplet resting on two electrodes covered by a dielectric layer. (B) The top view
of experimental data showing the liquid layer getting pulled away from a mother
droplet at a signal frequency of 100 kHz with an applied voltage of 700 V. *
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2.8 Summary

This chapter demonstrated an overview of the relevant fundamental theories. Firstly,
the theory underlying the wettability and droplet contact angle was discussed.
Additionally, we studied the electric double layer, from which the basic
electrowetting equation is derived. The theory reviewed the relationship between
contact angle and applied voltages. The dielectrophoretic actuation based on L-DEP
was considered using a bulk force and an interface localised approach. This was
followed by a comprehensive breakdown of electrostatic forces and the impact of

signal frequency on the actuation principle.
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Chapter 3
Methodology & Materials

This chapter addresses the device fabrication process, including film deposition and
photolithography. The characterisation methods are explained, covering two main
areas: surface topography scans and droplet characterisation. Furthermore, the
testing set-ups are presented, highlighting the testing stage, a modular electronic
control system and a relay module. This chapter also presents additional information
about the simulation software packages and various testing liquids used in the

experiments.
3.1 Fabrication methods

3.1.1  Metal deposition

One of the fundamental steps in fabrication of any electronic device is thin-film
deposition. Several different techniques can be used to deposit thin films. Electron
beam evaporation,'>> also known as E-Beam evaporation, is a vapour deposition
technique in which a source material is bombarded with an electron beam from a
charged tungsten filament to evaporate the material for film deposition. Figure 13 A
shows a Moorfield Minilab E-beam evaporator (part of a cluster system with sputter
coater chambers). Figure 13 B shows a schematic of the working function, and key
components of the evaporator, including a chamber, vacuum pump, adjustable holder
with samples, a hot cathode, a crucible with the source material, electron beam, and

a magnetic beam deflector.!%
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Figure 13 (A) Moorfield minilab electron-beam evaporator, (1) electrical control unit,
(2) LCD pad to control the evaporator, (3) quartz crystal deposition control display, (4)
chamber. (B) Schematic showing the working function and key components of the E-
beam evaporator. The deposition is carried out in a vacuumed chamber. A high voltage
is applied to the filament, accelerating the electrons towards the crucible containing the
source material. The crucible was water cooled. A strong magnetic field is employed to
direct the electrons to the ingot location. The evaporated material coats the substrates
placed inside a spinning holder. There is also a shutter to stop the evaporation and a
crystal film to measure the deposition thickness.
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A high voltage source (kilovolts) accelerates the beam towards the source material
via a magnetic field. The heated electrons lose their energy rapidly when they contact
the source material, and their kinetic energy is converted into thermal energy to heat
the source surface. When the bulk temperature is sufficiently high enough, the vapour
will be produced to coat the substrates in the chamber. Furthermore, a portion of the
incident electron energy is lost from the discharge of secondary electron emissions

and x-rays.

Initially, the substrates are cleaned thoroughly and fastened to the substrate holder
without introducing any contamination. Furthermore, the holder is set to a spin-
mode, where the holder is spinning during the deposition to aid uniformity. The
deposition process requires a high vacuum chamber (in the orders of 10”7 Torr). The
vacuum chamber was necessary to reduce the collisions of the source atoms with the
atoms of the background and, similarly, to reduce contamination for a high-quality
deposition. The deposition rate, chamber pressure, and other settings are monitored
using a touch LCD panel. Furthermore, the power control rate and the system had a

feedback loop to maintain a range.

A range of different metals was deposited using this technique, including aluminium,
copper, and gold. The selection of a crucible material depends on the source material,
and how it will interact with the crucible and the required thermal load requirement
to melt it. The thickness and deposition rate can be monitored using a quartz crystal.
The quartz crystal was frequently changed after multiple depositions, and regular
checks were also made using atomic force microscopy (AFM) to ensure the
deposition thickness was accurate. The physical movement of the crystal and thermal

stress failures were sometimes responsible for deposition thickness variations.

Before starting the deposition process, the shutter was opened to reset the thickness
meter to zero. Additionally, the deposition rate was set to the desired value and then
opened the shutter in the chamber. After the deposition process, the electron beam
and rotation of the holder was switched off for 30 minutes to allow the chamber to

cool down. Subsequently, opening the vent valve enabled the pressure in the chamber
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to reach the atmospheric level to open the safety door. The samples were removed

carefully using a tweezer and placed in a sample holder for further treatment.

E-Beam evaporation is reliable, robust, and commonly used in many industries,
particularly in aerospace and thin-film solar applications.'*® The main advantage of
using this deposition technique is the low level of impurities in the thin film with

adequate control of the deposition rate.
3.1.2  Spin coating

The spin coating technique is widely used in microfabrication to deposit uniform thin
films onto the substrates.!>” 1°® The machine used for spin coating is called a spin
coater. The centrifugal force from the rotation is sustained while the fluid comes off
the substrate until the desired thickness is achieved. The solvents used in the
photoresist are typically volatile and simultaneously evaporate. Generally speaking,
thinner films are fabricated by employing a higher angular speed of spinning, or
alternatively increasing the spinning time. Additionally, the film thickness is also

dependent on the concentration of the solvents in the solution.'>

The corrosion-proof Laurell WS-650-23NPP spin coater was suitable for coating
different photoresist layers. The processor controller unit can store up to fifty custom
programs suited for multi-stage processes. The spinner consists of a standard chuck
(50 mm to 150 mm) with a maximum spin speed of 6000 RPM. The coating
technique is essential in the photolithography process and the fabrication of

insulating layers for high-voltage applications.!®% ¢!

Initially, the photoresist bottles were left to reach room temperature to ensure
consistent uniform layers. The process entails applying a small amount of coating
material across the substrate using a clean micropipette. The material is then spread
across the surface uniformly by the centrifugal force at low speeds (typically less

than 500 RPM), followed by a high-speed spin (up to a few thousand RPM). The

typical fabrication recipes are found on data sheets provided by the manufacturers.
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Strict cleaning protocols were followed to prevent fabrication defects from
contamination. For instance, surface contamination on insulating films such as dust
acted similar to a large pinhole, which reduced the thin-film integrity and voltage

breakdown limit.
3.1.3  Cleaning process

The initial steps in the fabrication process were cleaning the samples, and upholding
strict protocols to limit the number of fabrication defects in the final device. The
main substrate in the fabrication process was borosilicate glass, but other materials
were also explored, including soda-lime glass, laminated glass, polyethene

terephthalate (PET), and paper.

The glass substrates were cleaned in a piranha solution (3:1 mix of sulfuric acid:
hydrogen peroxide) for 20 minutes to remove any debris and inorganic contaminants
on the surface. After cleaning, the samples were washed thoroughly (30 minutes)
using DI water multiple times inside an ultrasonic bath. Finally, the substrates were
dried at room temperature using a filtered nitrogen to ensure they have no residual
water. The PET flexible substrates were cleaned by isopropanol alcohol (IPA) inside
the ultrasonic bath for 30 minutes and subsequently blow-dried with nitrogen to

remove contaminants.

The fabrication process was carried out immediately after the cleaning process to
minimise random defects. After the cleaning process, the effect of dust and other
contaminants depositing on the samples were critical. Furthermore, the cleaned
samples were kept in the fume hood and transported inside a sealed container. The
cleaning process of the photomask was also critical. Note that random defects (stains)

on the photomask resulted in systematic defects on the fabricated samples.

There are several ways defects on the photomask can damage the sample. Primarily,
the deposition of dust and other particles is the common cause for failure. Substrates

contaminated with dust and organic impurities were cleaned using acetone in an
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ultrasonic bath and then rinsed with IPA. The second important factor was the
deposition of photoresist residual during the exposure process. The photomask was
dipped inside a solution of 1165 remover and rinsed thoroughly with DI water to
remove any residual photoresist. Lastly, hard physical contacts produced permanent

physical defects on the photomask, i.e., scratches.

Other sanitising protocols safeguarded the fabrication process. These included
wearing new nitrile gloves, cleaning the beakers after use, separating the beakers by
the chemical process, regular cleaning of the tweezers and other fabrication tools,
labelling all of the samples and beakers, good handling of the chemicals to avoid

cross contamination, and lastly, avoid breathing over the samples.
3.1.4  Photolithography

Photolithography, also referred to as ultraviolet (UV) lithography, is a
microfabrication process to pattern features on a substrate or thin film.'®? Figure 14
shows the EVG 620 photolithography system with a schematic showing the principle
working function: UV light source, photomask, and a substrate with a resist layer.
The fabrication process uses UV light to transfer a geometric pattern from a
photomask to a photosensitive chemical (also known as a photoresist). A range of
chemical treatments can either etch the exposed sections or enable deposition of new
layers for a lift-off process, where the photoresist layer underneath the undesired
pattern is removed via a photoresist stripper. A variety of lithography and
nanolithography techniques have been developed in recent years, such as X-ray
lithography, electron beam lithography, ion projection lithography, and extreme
ultraviolet lithography.'®>1> This technique is instrumental in the electronics
industry to fabricate various products in the semiconductor sector, a $400 Billion

industry worldwide.

The cleaning process before the photolithography was essential for a successful
fabrication as any contaminants on the surface block the light photons. Thus,

producing large defects (a few hundred micrometres). The substrate was initially
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heated to drive off any moisture (unless the sample was already dry). Depending on
the material, this heating process can be up to 150 °C for ten minutes and then

allowed to reach room temperature.

A photomask is an opaque layer with transparencies that allow UV light to travel
through a defined pattern. The masks were initially designed on the computer using
the CleWin software package. The design of the photomask was dependent on the
size of the chuck and the substrate. Other design considerations included allowing
extra space for alignment marks and adequate spacing between each device. The
digital designs were then outsourced to a third-party company (Micro Lithography
Services limited) to transfer them into a high-resolution film photomask. The film
layers were then transferred onto a glass photomask (with chrome patterns) for long

term use.

Figure 14 EVG 620 photolithography manual mask aligner system. The work function
can be simplified as: (1) an apparatus for shining UV light with a controlled intensity
via an optical lens, (2) a photomask that functions similar to an optical mould to
fabricate features, and (3) a sample substrate coated with a photoresist layer.
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Standard photolithography was used to fabricate the electrodes (see Figure 15 for the
general overview of the process). 70 nm of aluminium was deposited using E-beam
evaporation on a cleaned glass substrate. The aluminium layer introduced issues due
to oxidation of the surface and rapid application of an insulating layer (e.g., SU-8)
mostly mitigated this problem. The samples were spin-coated (500 RPM for 30
seconds, followed by 3600 RPM for 2 minutes) with a positive photoresist (S-1813)
and soft-baked at 95 °C for 3 min. It was critical to have no bubbles in the resist layer
before the spinning process. The bubbles can produce nonuniformity in the resist

layer, leading to surface defects.

Metal Layer - Positive Photoresist Layer

| Substrate

Figure 15 Simplified illustration of a photolithography process to create an electrode
pattern using a positive photoresist. (1) Base substrate with a metal layer, (2) spin-coating
a photoresist layer, and exposing it to a UV light using a photomask to pattern the resist,
(3) developing the resits to fabricate a pattern, and (4) removal of the exposed metal
surface using a wet-etch process, and removing the remaining photoresist.
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The photoresist layer was then exposed to UV-light (constant energy configuration
80 mJ/cm?) using the mask aligner. The high-intensity UV-light made chemical
changes in the positive photoresist layer allowing some patterns to be removed by a
photographic developer (MF-319). A post-exposure bake (95 °C for 2 min) is
performed before the developing process. The samples were also baked at 115 °C for

an additional 3 min.

The electrodes were patterned using a wet etch process (aluminium etchant). The
aluminium etchant solution consisted of 10 % DI water, 6% Nitric acid, and 84%
Phosphoric acid. The etching time for 70 nm of aluminium was 45 seconds at room
temperature. The hard bake process solidified the remaining photoresist to make a
durable protecting layer for chemical wet etching. Lastly, the etched samples were
dipped inside a remover (1165), and thoroughly cleaned using DI water and dried

using nitrogen gas.

Transparent devices were also fabricated to demonstrate a range of applications for
this technology. A particular interest is utilising the cleaning platform on a flexible
substrate allowing the device to be mounted onto the curved surface. The fabricated
transparent device was ITO on a PET flexible substrate and ITO-coated glass
sheets.!6® At first, the protective film was removed, and the flexible substrates were
cleaned in ultrasound using IPA for 5 min, and then dried using filtered nitrogen gas.
The samples were spin-coated with a positive photoresist, soft-baked at 95 °C for 3
min, exposed to a UV-light (80 mJ/cm?), soft-baked at 95 °C for another 1 min, and
then followed by a typical developing process (MF-319). The electrodes were

patterned using a wet etch process using an ITO etchant.

The standard ITO etchant solution (ITO Etch LCE 10) was purchased from A-GAS
Electronic Materials. The solution consisted of hydrochloric acid and nitric acid. The
etching time for 100 nm of ITO was 45 seconds at a temperature of 45 °C. Lastly,
the resist was removed and cleaned with DI water. The ITO on glass samples were
also fabricated in a similar manner. However, the etch time varied with the flexible

samples because the thickness of the ITO film was different, 100 nm and 70 nm on
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the glass and flexible substrate, respectively. The flexible substrates were attached
to a flat surface to avoid non-recovery effects due to micro-cracking. Furthermore,
the electrical resistance of the ITO film at different curvatures of a flexible surface
may vary. In a future study, a greater in-depth analysis is needed to better optimise

the application of this material.

After patterning the samples, the electrodes were tested with a probe station to ensure
the films were electrically conductive without physical defects (e.g., shorted or open
circuit). The electrodes were then coated with an insulating thin-film (SU-8) to
provide electrical, chemical, and physical protection during use. SU-8 is a commonly
used epoxy-based negative photoresist with superior properties.!> These negative
tone, epoxy-based resists exhibit excellent chemical resistance (e.g. solvents and
acids), high thermal resistance (a few hundred degrees), large surface adhesion, high
breakdown voltage, good optical transparency, and superior mechanical properties.
Generally speaking, the SU-8 2000 series is best suited for permanent applications
where, after it is fully crosslinked, the layer is left on the device. SU-8 is mainly used
in the fabrication of MEMS, microfluidics, and electronic devices.'®” SU-8 is
primarily used in soft lithography, but it is also suitable for other imprinting
techniques such as nanoimprint lithography.'®® Furthermore, SU-8 is proven to be

biocompatible,'® and is often used in Bio-MEMS devices.!”’

The long molecular chains cross-linked in the SU-8 layer after exposure to UV light
causes polymerisation of the thin film. The SU-8 series photoresists use
cyclopentanone gamma-butyrolactone as the primary solvent. The thickness of the
photoresist can be a few millimetres (for viscous solutions), and down to tens of
nanometers (when diluted). Additionally, the film thickness varies after the expiry
date due to the evaporation of the solvent. Furthermore, some cracks in the thin film
were detected because of internal stress due to insufficient exposure dosage.
Insufficient exposure was possible when the UV bulb in the EVG system was about

to break down.
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A photolithography process was needed to remove regions over the electrodes to
allow physical contact with a probe. The positive photoresist is the most common
type that becomes soluble in the developer when exposed. However, with the
negative photoresist, the unexposed areas are soluble in the developer solution. This
is an important consideration when designing the photomask, as the polarity of the

opaque layer is significant.

SU-8 2000.5 series was spin-coated (4000 rpm) on the electrodes, followed by a
heating process at 60 °C for 1 min, and soft-baked at 95 °C for 1 min for a thickness
of 500 nm. The layer was then exposed with a dose of 65 mJ/cm? (constant energy),
followed by another soft bake process at 95 °C for 1 min. The device was developed
for 1 min in ethylene carbonate (EC) solvent. Finally, the layer was rinsed with IPA
and dried with filtered nitrogen gas. The final step was to hard bake the film at
155 °C for 30 min to ensure the layer is fully cross-linked. Reducing the spinning
speed would increase the film thickness. Note that the film thickness versus spinning
speed is provided by the manufactures and verified experimentally using a

profilometer.

SU-8 was cross-linked after exposing and developing the layer, and then hard-baked
at a high temperature for better stability. However, film stresses may arise due to
rapid temperature changes during the baking process, leading to micro-sized cracks.
This is primarily because the layers in a multilayer device have different coefficients

of thermal expansion. To prevent this, the temperature was gradually changed.

Furthermore, regulating the temperature during the baking process can reduce stress
formation (leading to cracks) as the solvent evaporates. Surface contamination or
fabrication defect is another common cause of cracks in the SU-8 layer. The thin-
film cracks behave similar to a pin-hole under high voltages, leading to dielectric
breakdown of the insulating layer. This is particularly important when depositing a
thin insulating layer (e.g., 500 nm), and less relevant for thicker layers (more than a

micrometer). The fully crosslinked SU-8 film tends to generate some contaminants
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after the developing process (white patches). This is a common fabrication defect,

and to prevent this, the layer was rinsed with IPA solvent.

3.1.5  Self-assembly hydrophobic coating

The SU-8 layer was functionalised with a hydrophobic self-assembled monolayer
(SAM), octadecyltrichlorosilane (OTS), to obtain a hydrophobic top-layer for better
performance. OTS is an organosilicon chemical used in the semiconductor industry
to form monolayer thin films on different substrates.'”! The chemical formula is
CH3 (CHa)17 SiCls.'7? Tt is an amphiphilic molecule containing a long-chain alkyl
group and a polar head group that forms SAMs on various substrates, including the
SU-8.!" The schematic in Figure 16 shows the step by step preparation for the SAM
OTS coating. The deposition of high-quality SAM OTS was only possible when

following strict cleaning protocols to reduce contamination.

1 ) (3) )

- -
Oy

OTS + Sonicating Self assembly Polymerisation
hexane solution coating process

Figure 16 The fabrication steps to coat a layer of SAM OTS. (1) OTS was added to the
solvent, (2) sonicating the solution to aid uniformity, (3) placing the sample inside the
solution for several hours, and (4) removing the sample, cleaning it using a fresh solvent
solution, followed by a soft-bake to complete the polymerisation process.

The base solvent for the solutions was hexane (99.8% purity). Initially, the solution
of hexane/OTS (1 part of OTS in 500 parts of hexane by volume) was prepared in a

pre-cleaned glass beaker using a glass syringe. It was vital not to use a plastic syringe,
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as OTS can interact with polymers, contaminating the solution. The sample was
covered with a lid and sonicated for 10 min. The water in the ultrasound was changed
before the sonication process, since the deposition process was thermo-sensitive. The
devices were then immersed in the OTS/hexane solution for 7 hours with no agitation

inside a fume hood.

The samples were immediately dipped inside a new hexane solution after the self-
assembly process to remove any residuals. The samples were then taken out of the
hexane solution and dried with filtered nitrogen. The final step was to soft bake the
samples for 15 min at 95 °C to complete the OTS polymerisation process, and to
eliminate any hexane residuals. Figure 17 shows a device with a SAM OTS
hydrophobic coating with a side view image of a droplet on the OTS surface. The
apparent contact angle was measured using a contact angle goniometer under
ambient temperature (25 °C), and relative humidity (48 %), using a DI water droplet
(6 mL). The contact angle was measured several times across the sample surface
using a sessile drop method (110° £ 4°). Please note that the presence of the

functional methyl group (CH3) makes the surface hydrophobic.

Figure 17 Top view of a device with SAM OTS hydrophobic coating functionalised
with an SU-8 layer. The side view image shows a droplet with a contact angle of 110°.
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3.2

3.2.1

3.2.2

Characterisation methods

Droplet actuation speed

The droplet actuation speed is a method to characterise the device performance. The
droplet speed was measured by determining the time (measuring the number of
frames), and total distance travelled across the activated electrode. The experimental
setup required a high-resolution camera pointing perpendicular to the droplet (top
view) with external illumination (see section 3.3.3 for more detail). The measured
time was accurate up to 30 milliseconds, and the distance travelled along the
electrode could be measured down to several micrometres. Note that the actuation
speed was the most suitable and practical characterisation method for a droplet

actuating platform.

Contact angle measurement

The ever-growing interest in understanding the physical interaction between droplets
and surfaces has led to the development of several experimental methods to study
their relationship. The contact angle goniometer, also known as a tensiometer, is a
reliable characterisation instrument for measuring the droplet static contact angle, in
addition to the advancing and receding contact angles.!”* 17

The instrument consists of a backlight LCD panel (Dazzne D50) with adjustable
brightness, a high-resolution camera with a variable zoom (up to 100x
magnification), adjustable testing stage (two-axis movement), and a computer

software to capture and analyses the drop shape (see Figure 18).

The photos and videos were recorded using the VLC media player, and the droplet’s
shape was analysed using pyDSA (Python package).!”® The software identified the
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droplet baseline, detects the droplet edge, fit the edges, and computes the contact
angles. Additionally, the static contact angle can be manually measured using the
Imagel] software. Sufficient illumination was essential for high-quality images.
Furthermore, a filtered diffuser in front of the LCD backlight panel improved the
image quality. The droplets were inserted onto the substrates using a micropipette

with a volume accuracy of up to = 0.1 pL.

Figure 18 Schematic showing the setup of a typical contact angle goniometer to measure
contact angles. (1) LED backlight panel with adjustable brightness and a filtered diffuser
front panel. (2) The testing stage with adjustable two-axis movement. (3) The recording
camera. (4) The camera is connected to a computer via a USB to store and analyse the
droplet profile.

3.2.3 Profilometer

A profilometer is a measuring instrument to characterise the surface profile. There
are two types of profilometers: contact and non-contact configurations. A contact

profilometer (Bruker Dektak XT) was used in this work as a general instrument to
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rapidly measure the thickness of certain coatings before proceeding with the
fabrication process. For a typical scan, a diamond stylus is moved across in contact

with the surface for a specified distance and contact force.

3.3 Electronic control system

The electronic control system consisted of a control circuit board (low voltages), a
relay module (high voltage), and a testing stage. The control system can offer high-
speed switching of up to 128 electrodes using reed relays. The printed circuit board
(PCB) design was carried out on KiCad, a free open-source software suitable for
electronic design. Moreover, several design factors were considered including, board
shape and size, number of layers, manufacturing processes, voltage levels, material

and component, and costs.
3.3.1  Control circuit boards

The control circuit board is connected to a relay module board. The primary objective
of this unit is to control the switching algorithm of the electrodes. Furthermore,
multiple control circuit boards can be stacked on top of each other and operated in
parallel with a single microcontroller to increase the number of output signals. The
benefits of the controller unit are hardware customisability, low costs, and

accessibility.

The control circuit board was based on an mbed NXP LPC1768 development board.
This is a powerful yet user-friendly development board. It consists of 32-bit ARM
CortexM3 core hardware with a 512 kB on-chip flash program memory. The
controller can be operated locally via a host PC by a drag-and-drop programming
method using a USB 2.0 drive. There is no requirement to install additional software
apart from a standard web browser. The online compiler is based on the C/C++

package provided by the ARM mbed facilitated the programmed algorithms.
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The control circuit board is powered by a 5.0 V power supply module (MB102)
connected via a power adapter to the main cable or a USB 2.0. The module is low-
cost, reliable, and provides power to the board when testing outside the laboratory
(i.e., testing on the road). The module has a compact design (4 cm x 3 c¢m), and it
was mounted directly to the boards. Furthermore, the output voltages of 3.3 V and
5.0 V can be selected by a jumper cap. The control circuit board consists of the

following main parts (see Figure 19 for more detail):

1.  Microcontroller

2. Demultiplexer

3.  An array of toggle flip-flops
4.  Voltage translators

5. Buffer drivers

1 Flip Flop

| 1 i Fap [ VOLT
N, : —._L.L TRANS

I ¥Flip Flop

MICROCONTROLLER

Relay Module

Figure 19 Functional block diagram showing the electronic design of a control
circuit board. The board is controlled via an mbed NXP LPC1768 development
board, controlling a 32-channel analogue multiplexer, an array of T flip-flops, a
voltage translator from 3.3 V to 5.0 V, and buffer drivers.
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An example of the control circuit board (PCBs) is shown in Figure 20, using both a

singular and parallel configurations.

Figure 20 PCB images showing the control circuit boards. (A) Singular configuration
with 32 output signals. The key features are: (1) mounted power supply module, (2)
mbed development board, (3) external wire for the enable pins (EN) to activate the
boards separately in a parallel configuration, (4) output signals to the relay module. (B)
Image showing the boards in a parallel configuration.
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A demultiplexer, also called a data distributor (or DMUX), generates a set of digital
output from binary inputs. Therefore, DMUX can be used to implement a general-
purpose logic. Essentially, to maximise the number of output signals using only one
microcontroller. DMUX is suitable for many applications, such as communication

systems, arithmetic logic units, and computer memory.

The microcontroller is connected to a 32-channel analogue multiplexer (ADG732)
to switch 32 digital outputs determined from 5-bit binary address lines Ao, A1, Az,
A3z, and A4. The component has an enable chip (EN) that can individually select the
boards (i.e., when disabled, all channels are switched off). Therefore, multiple boards
can be controlled via a single microcontroller, enabling switching of up to 128 relays.
They operate from a single voltage supply of 3.3 V, making them ideally suited to

be powered by a microcontroller.

The electronic design consists of a series of dual J-K flip-flops with a reset
configuration (MC74HC73A). The J-K flip-flops extend the SR flip-flop behaviours
(K: reset and J: set) by interpreting the K = J = 1 condition as a toggle command.
Furthermore, the J-K flip-flop can consequently be a universal flip-flop by setting
the J condition equal to the K condition to synthesize a T flip-flop. When the joint J-
K input (T) is set at high, the flip-flop changes the state whenever the clock input
(from the microcontroller) is strobed. Correspondingly, when the input signal is set
to low, the previous state remains valid. Therefore, the state of the component at an

applied trigger pulse is determined only when the previous state is known.

The flip flops employ two decoupling capacitors connected to their power supply pin
to reduce the signal noise. A bypass capacitor is a common practice in electronic
designs to avoid voltage spikes or ground bounces. Two capacitors are typically
employed (one large and one small capacitor) to smooth out the voltage signal (100
pF and 1 puF). The bypass capacitors are similarly used in other components,
including the DMUX. The bypass capacitors were placed as close as possible to the
voltage supply pins and the common GND. Additionally, a pull-down resistor (10
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kQ) was connected to the T input of the flip flops to a common ground (GND) to

ensure a known state for a signal and prevent a floating signal.

A level shifter, also known as a voltage level translation, is a circuit used to translate
voltage signals from one logic level to another, enabling compatibility between ICs
with different drive voltage requirements. The relay module had a voltage
requirement of 5.0 V from 3.3 V, thus requiring a level shifter. We added a series of
8-bit non-inverting directionless level translators (TXS0108E) to the output signals
of the flip-flops. The component is designed explicitly for translating logic voltage
levels and uses two separate configurable power-supply rails, a 3.3 V port-A (VCa)

and a 5.0 V port-B (VCp).

Since the output signal is transferred from one board to another, a buffer/driver
(SN54ABT16244) is added to the design. These are integrated circuit devices that
isolate the inputs from the outputs. Therefore, the load is reduced by the input circuit
enabling the signal to be sent onto another PCB via cables over longer distances.
Additionally, it also provides additional protection by boosting the current/voltage
level. SN54ABT16244 is a 16-bit buffer driver to explicitly improve the signal
quality.

3.3.2 Relay module

The relay module is a hardware for remote device switching with high operating
voltages. The working function of the module can be used to sense external
(ON/OFF) conditions. The PC interface connection is made through the control
system module to regulate the switching mechanisms. Figure 21 shows the schematic

of the electronic design.

56|Page



Inputs

Figure 21 Functional block diagram showing the electronic design of a relay
module. High voltage input signal (V;) is supplied from a signal amplifier. The
schematic drawing also shows the digital signals from the control circuit board (Y,)
and high voltage output signals (0,) to the electrodes.

Figure 22 shows a relay module PCB. Each module consists of 32 reed relays to
electromagnetically switch high voltages. The key features of the reed relays were
compact size, a maximum switching voltage of 1 kV (DC or peak AC), a maximum
switching current of 1 A (DC or peak AC), and a release time of 0.1 ms (measured
without coil suppression).!”” Additionally, it has an operating time of 1 ms, shock
and vibration resistance up to 50 g (10 Hz to 2000 Hz), and an operating temperature
between - 40 °C to 105 °C.!"7 The life test assessment provided by the manufacturers
shows that the typical number of operations (load at 100 V and 10 mA) is
approximately fifty million operations without any failures.!”” Additionally, a
flyback diode with reverse polarity from the power supply and in parallel to the
relay's inductance coil prevented voltage spikes from the power supply when it was

disconnected.
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Figure 22 Relay module with 32 reed relays to regulate high voltage signals.
(1) Mounting racket for assembly, (2) BNC connection for high voltage input
signals, (3) reed relays, (4) input and output rackets.

The signal generator via a signal amplifier powered the relay module using a BNC
connection. The Keysight 33210A function waveform generator created a sine wave
signal with inherently low distortion. The function generator can generate a variable
period, pulse width and amplitude (up to 5 MHz) for various electronic applications.
The Falco Systems WMA-300 is a high voltage (300 V) signal amplifier with a DC
to 5 MHz signal bandwidth and a 300 mA current limit. The signal amplifier was
intended for high voltage demanding applications with a wide bandwidth.
Additionally, the signal amplifier was designed to withstand short-circuit conditions.
Lastly, the high voltage signals (frequency, noise, and amplitude) were monitored

using a digital oscilloscope.
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3.3.3 Modular electronic design

A modular electronic control system (Board-A) with a relay module (Board-B) was
custom-designed, allowing the control of individual high-speed reed relays by simple
commands from a host PC. Figure 23 shows the logic block diagram of a modular

electronic kit.

Host PC mbed - NXP Board A
. LPC1768 =» Control System

\ 4

Function Signal Board B
Generator - Amplifier = Relay Module

4

Device Testing
- Stage

Figure 23 The host PC is connected to a microcontroller to switch output signals
from the control system (Board-A) to the relay module (Board-B). Function
generator facilitated the AC signal waveforms over a wide range of frequencies
and then amplified with a signal amplifier. The high voltage signals were
connected to the device via the testing stage with an array of spring pogo pins.

The electronic boards were mounted inside an inaccessible enclosure for safety. The
enclosure provided electrical isolation and mechanical protection against physical
damage. An internal racket held the relay modules (up to 4 boards) with adequate
distance. The Board-A was screwed to a stand located in the case. Figure 24 shows

the modular electronic kit with the main features.
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Figure 24 Image showing the modular electronic test kit with key features including,
(A) host PC, (B) safety case that consists of a microcontroller, Board-A in a parallel
configuration, high voltage Board-B, 64 outputs, LED board for displaying the
switching pattern of the relays, and (C) the testing stage with spring pogo-pins.

The module kit with 128 channels was relatively cheap, with a total cost of
approximately £150. It is also cheaper than the commercially available counterpart
(64 channel module for £375).!7® Each relay module board had a separate BNC
connection to have up to four high voltage output signals from different amplifiers.
Furthermore, an array of LEDs was added to the back of the case to show the

switching sequence patterns.
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Figure 25 shows a typical testing set up with the key features including, a high-
resolution camera, external illumination, probe station for electrical analysis, and a
testing stage with an array of spring pogo-pins for electrical contacts. Furthermore,
spring pogo-pins were attached to the stage using a through-hole connection from a

PCB.

Figure 25 The testing set up with key features including; (1) high-resolution
camera, (2) probe station for electrical analysis, and (3) the main testing stage
with an array of spring pogo-pins for contacts to the main device. Please note that
the top layer of the testing stage was screwed to the main device for better rigidity.
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3.4 Simulation software packages

The cross-platform software package COMSOL Multiphysics is a multi-physics
simulation and solver.!” The software allows conventional physics-based modelling
including, a numerical technique to simulate electric field distribution using the finite
element method (see section 4.1.1, 5.1.1, 7.1, and 8.2.1). The electric field
simulations are significant in the design and fabrication of the devices. MATLAB, %
Also known as matrix laboratory, is a proprietary multi-paradigm programming
software and numerical computing environment. The software is used in this work

to solve equations and generate mathematical models (see section 5.1.2).

The simulation models is the first step towards generating a description of the
physical process to predict their response. The simulations are based on the finite
element method (FEM),'8! a widely popular numerical method for solving
engineering problems in two/three space variables. To solve a typical problem, the
FEM splits a complex system into smaller, simpler domains, referred to as finite
elements. Each element contains the information (e.g., material property) needed to
determine the element's status connected to the surrounding elements. Furthermore,
mathematical models are needed (also known as governing equations) to solve the
physical problems numerically. However, this is not sufficient to describe the system
behaviour. We also need to provide additional boundary conditions to solve the
equations. In general, studying any engineering phenomenon with the FEM is often

categorised as finite element analysis (FEA).

COMSOL Multiphysics models are split into three stages: (pre-processing, solution,
post-processing). Pre-processing includes creating the model geometry, establishing
a domain, and setting the solution data. Generating and refining the mesh was a vital
process. For example, The mesh density near the electrodes was increased to better
conform to the electrode shape.!®® A triangular mesh model was used with a
maximum element size of 500 nm and a minimum element size of 5 nm. Sharp

geometries were also avoided to produce smoother results.
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The Poisson’s equation used in COMSOL Multiphysics (electrostatics) is the
classical PDE of elliptic type that describes electrostatics with a space charge
density.'®® The relationship for electric potential is derived assuming static
conditions, E = —VV. Combining the electric potential equation with the constitutive
relationship, D = gyE + p, between the electric field E, and electric displacement D,

COMSOL represents Gauss’ law as the following equation:'®?

~V.(,VV—p) =p (13)

The physical constant g, is the permittivity of vacuum, p is the electric polarisation,
and p is a space charge density. This equation which is pre-programmed in COMSOL
Multiphysics describes the electrostatic field in the materials. Further details and the
governing partial differential equations (PDE’s) are provided in COMSOL AC/DC

module user’s guide on the main website.'®?

A series of assumptions were considered to define the boundary conditions. For two-
dimension (2D) models, the individual electrodes were sufficiently long such that the
fringe effects at the ends are insignificant. The ohmic heating from the applied
voltage was insufficient to produce any physical constant changes. Impurities and
particles on the device or in the fluid were ignored. Additionally, geometrical defects
from the microfabrication were neglected. The relative dielectric constant for the SU-
8 layer was estimated to be approximately 3.2. The OTS thickness was on the
nanoscale (less than 5 nm), and it is substantially smaller than the SU-8 thickness,

thus neglected. The effective DC voltage was between 20 V to 140 V.

The system parameters were two electrodes (control and ground), with a given
electrode gap distance. Due to symmetry, only one set of electrodes was modelled,
and the two boundaries to the right and the left were modelled as electrically
symmetric. In the electrostatic module, COMSOL automatically selects the
conservation of charge condition for the boundaries between the domains. This

includes equations for charge conservation according to Gauss’ law for the electric
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displacement field. A zero-charge boundary was also selected at exterior boundaries.

This boundary condition is similarly valid at the symmetry boundaries.

3.5 Testing liquids

The primary testing liquid for an automotive application is rainwater, and various
samples were collected using a liquid collector container. The electrical conductivity
of rain can be similar to DI water, but the typical rain droplets can be slightly
conductive. However, the concentrations of interfering ions (such as sodium,

potassium, calcium, chloride, etc.) remain relatively low.!34

The chemical properties of rain droplets collected from various locations in the UK
show a consistent pattern.!®> The concentration of interfering ions is highly related
to the geological position of the rainfalls. For example, the concentration levels are
higher near the coast than over the land.!'®® The chemical and physical properties of
rainwater can vary, and in special cases such as rain dust or acidic rain,'®’ the droplets

can be more conductive than usual.

Appendices include a list of testing liquids, highlighting the relevant chemical,
physical, and electrical properties that are important for L-DEP and electrowetting.
The higher surface tension was important in both EWOD and L-DEP actuation.
However, the higher permittivity was crucial in L-DEP actuation, whereas the larger
electrical conductivity was more dominant in EWOD actuation up to the saturation

limit.
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3.6 Summary

The fabrication process and various characterisation methods were discussed in this
chapter, including cleaning protocols, deposition techniques, patterning
(photolithography) via a wet-etching or a lift-off process, and self-assembly
hydrophobic coating. The chapter also discussed the necessary consumable materials
for photolithography included various photoresists, developers, and strip removers.

SU-8 was the insulating layer, and it was functionalised with SAM OTS.

The consumable materials are commonly used in the industry for large-scale
manufacturing at a low price. The primary fabrication equipment was a
photolithography system plus the spinners. They are also commonly used in large-
scale manufacturing. Thermal evaporators are commonly used to deposit different
layers. Industrial-scale thermal evaporators or sputter systems with a large chamber

can significantly reduce fabrication costs.

This chapter demonstrated the electronic design and the setup of the testing stage.
An electronic module generated digital signals to control multiple high voltage
outputs. The electronic system consisted of a control circuit board (Board A - low
voltage), a relay module (Board B - high voltage), and a testing stage. The control
system could offer high-speed switching (few milliseconds) of up to 128 electrodes
using reed relays. Additionally, the working function and set up of the COMSOL

Multiphysics simulations models and the testing liquids were discussed.
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Chapter 4
Droplet Actuation Methods

Droplet manipulation by electric means has gained significant attention for providing
automated droplet handling for various applications. However, the operational
capabilities in the current format are restricted to the laboratory testing conditions.
Here, we explore three droplet actuation methods that are intended for a cleaning
application. Furthermore, we demonstrate the manipulation of different droplets

across a wide range of geometries and surfaces.

The sequential activation of electrodes is a method to produce discrete droplet
actuation, which is also a critical droplet handling operation in many microfluidic
platforms. We modified the existing standard interdigitated electrodes (IDEs)
design,'?® for a cleaning application. The proposed concept reduced the complexity

of previous designs and provided new operational capabilities.

An additional novel electrode design is also introduced here, focusing on the
continuous actuation of droplets using variable interdigitated electrodes (VIDEs) to
move different volumes of droplets. The technological advancement emerging from
this work enables lower operating voltages, eliminates actuation size limitations, and

reduces complexity of the control system requirements.

The significance of the signal frequency and applied voltages on the actuation
performance is thoroughly investigated to highlight the optimum design parameters.
This chapter similarly investigates different hydrophobic coatings, from hydrophobic
to superhydrophobic. Furthermore, a hydrophobic coating with a wettability gradient
is presented here for transporting droplets. The wettability gradient based on SAM
OTS produced droplet motion without any input energy.
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4.1 Interdigitated electrodes

IDEs produced a dielectrophoretic force near the droplet’s liquid-solid interface,
causing it to spread. This technique was established initially for small-scale
applications, such as microfluidics. However, our approach expands on an already
existing design to achieve new droplet actuation operations. For instance, a larger

active area, actuation of droplets with varying volume, and a lower operating voltage.
4.1.1 Numerical simulations of IDEs

COMSOL Multiphysics numerically simulated the relationship between the
electrode gap distance and penetration depth of the electric field. Since the electric
field has dimensions of (Vm™), thus scaling down the gap distance subsequently
increases the magnitude of electric field to generate an adequate L-DEP force at
lower voltages. However, the size of the system is limited by the fabrication method

and the associated costs and fabrication defects.

The material properties and thickness of the insulating layer were crucial factors to
achieve a reliable and high-performance operation. The high voltages applied across
a thin layer can reduce the device lifespan or result in a dielectric breakdown.
Likewise, the performance of a thick dielectric layer is similarly compromised

because of the lower penetration of electric field.

The primary objective was to provide a set of design recommendations. This is
particularly important since the fabrication and testing of many devices is both
expensive and time-consuming. The mesh density near the important boundary
layers was finer (see Figure 26 A). The effective voltage was 100 V and no electrical
conductivity was assigned to the water layer. The system parameters were two sets
of aluminium electrodes (control and ground signals), with an SU-8 insulating layer,

and a thick layer of DI water (see Figure 26 A).
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Initially, the electric potential across the electrodes was simulated (see Figure 26 B).

Figure 26 C shows the surface polarisation, highlighting that the polarisation happens

at the boundary of the liquid/solid interface (less than 5 um). This could be important

when introducing new layers, such as SLIP or micro pillars with a thickness larger

than several micrometers. Figure 26 D shows the electric field fringing lines. The

electrical fields are described as an absolute value (norm) to define the amplitude of

the electric fields.
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Figure 26 COMSOL Multiphysics simulation results. (A) The system parameters for a
device with two electrodes (signal and ground), with a gap distance of 20 um, insulating
SU-8 layer, and a covering DI water layer. The subfigure shows a high density mesh near
the electrode boundary. (B) Surface contour showing the electric potential difference at
100 V. (C) The norm polarisation contour, with a zoomed-in image to show the local
polarisation near the water-insulating interface. (D) The line contour demonstrating the
propagation of the electric field. The zoomed-in image shows the local electric field near
the electrode boundary
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The propagation of the electric field for different electrode gaps (20 um, 40 um, and
80 wm) is simulated to study two main effects. Firstly, the maximum local electric
field within an insulating material was estimated to fabricate a device with
appropriate protection. Secondly, the penetration depth of the electric fields into a
liquid film is also investigated. The electric field’s decay in the vertical axis above

the electrodes is important for generating an appropriate bulk force.

Figure 27 A shows the relationship between the electrode gap distance and
penetrating electric fields up to 0.5 pm, and Figure 27 B shows further penetration
up to 5 um in the liquid layer. The simulation results confirmed that IDEs with a
smaller gap distance generated a higher electric field. Additionally, IDEs with a gap
distance of 20 um generated an equivalent electric field value at lower voltages to
previously reported studies using higher voltages (200 V or more) with a gap distance

between 80 um to 120 pm. '3 137
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Figure 27 COMSOL Multiphysics simulation results showing the decay of modulus
of electric field away from the IDEs into the liquid layer. (A) The electric field
penetration up to 0.5 pm. (B) The electric field penetration from 0.5 um up to 5 pm.

Figure 28 A shows that the maximum local electric field for different applied
voltages (20 V to 140 V), with a fixed electrode gap distance of 20 um, and an
insulating layer with thickness of 0.5 um. The results confirmed that the higher

applied voltages generated a stronger electric field. Figure 28 B shows the maximum
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local electric field for different SU-8 thicknesses (0.25 um, 0.5 um, 1 um, 2 um, and
5 um), and a fixed electrode gap distance of 20 um, with an applied voltage of
100 V. The results showed that the thinner layers generated a higher electric field
value with a greater penetration distance. Please note that this will depend on whether

there is air or liquid above the coated electrodes.

Additionally, the maximum electric field for layers thinner than 0.5 pm was lower
than the breakdown voltage limit. The reported range is between 200 to 440 MV/m
for SU-8 with a thickness of 50 um to 2 um, respectively. Note that these estimations
are from a parallel plate capacitor configuration.'®® Furthermore, Figure 28 C shows
the results for different electrode gap distance (5 pm, 10 pm, 20 pm, and 40 um) and
a fixed applied voltage (100 V), with an insulating layer thickness of 0.5 um.
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Figure 28 Simulation results showing the maximum local electric field for different
conditions. (A) Applied voltage from 20 V to 140 V. The insulating thickness was
0.5 pm and the electrode gap distance was 20 um. (B) Investigating different
thicknesses of SU-8 (at 100 V) with an electrode gap distance of 20 um. (C) The
change of maximum electric field for different electrode gap distance. The thickness
of the SU-8 layer was 0.5 um and the applied voltage was 100 V.
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The study confirmed that fabricating electrodes with a gap distance of 10 um or
smaller would result in a dielectric breakdown (at 100 V or more). Furthermore, the
simulations were also experimentally verified testing the IDEs with a gap distance

of 10 um.

Although the exact bulk force was not calculated here, these results emphasise the
significance of reducing the gap distance and minimising the insulating and
hydrophobic thicknesses. Therefore, the new geometry produces a strong L-DEP
force for a fixed applied voltage. The experimental results also validated this concept
because the thicker covering top layers produced smaller changes in contact angle
and physical traces of dielectric breakdown for some specific testing parameters.
Several examples were a thinner insulating layer than 0.5 pm, or increasing the

applied voltages above 100 V.

4.1.2 Device fabrication

The conceptual design of a device with four separate layers is presented in
Figure 29. The aluminium IDEs are patterned using standard lithography process on
a clean glass substrate. The primary objective of the sample preparation was to
minimise the thickness of the covering dielectric and hydrophobic layers to maximise
the device performance. A common photosensitive epoxy resin (SU-8 2000.5) with
a thickness of 0.5 um to 1 pm was used as a dielectric material on the electrodes to
electrically, chemically, and mechanically shield them during testing. Furthermore,
testing SU-8 layers thinner than 0.5 um would result in a dielectric breakdown (i.e.,
350 nm). Several critical factors had a significant impact on the performance of the
insulating layer. For example, surface defects, impurities before spinning the SU-8
layer during the fabrication process, uniformity of the SU-8 layer, and the electrode

defects such as edge walls.
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The effect of hydrophobicity was significant on the droplet movement. The dynamic
motion across a surface with a high contact angle and low sliding angle require
smaller changes in the contact angle. Therefore, producing a higher actuation speed
or reducing the demand for higher voltages. Note that the untreated SU-8 layer had
poor hydrophobic properties (70°). Figure 29 C shows the side view image of a
droplet on the OTS layer with a mean contact angle of 110° (£ 4°), confirming the
hydrophobic enhancement of the SU-8 layer. SAM OTS layer was nanoscopic
(1.5 nm to 2.0 nm),'®® and therefore, the hydrophobic coating minimised the
thickness of the covering layers. In comparison, previously reported studies

employed a Teflon coating with a thickness of hundreds of nanometres. '

OTS (Hydrophobic layer)
(C)

SU-8 (Dielectric layer)

Aluminium (IDE's) e

e (5)
e ——
e — (). Glass (Substrate)

Figure 29 (A) Schematic model of a typical device with four separate layers: glass,
aluminium, SU-8 and OTS. (B) The top view optical microscope image of an electrode pad
(IDEs). (C) The side view image of a water droplet on a surface coated with SAM OTS.
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4.1.3

Contact angle measurements

The change of contact angle in previous studies was limited by the fixed thickness
of the insulating and hydrophobic layers (a few micrometres), with a higher operating
voltage (250 V or more).!3> We investigated the change of contact angle as a function
of electrode gap distance and operating voltage to evaluate the device performance.
Furthermore, the frequency dependence of L-DEP is also studied to highlight the

optimum operating parameters.

Several experiments were carried out to analyse the effect of applied voltage and
electrode gap distance on the contact angle. The experiments were conducted in
ambient conditions. The testing liquids were DI water and propylene carbonate. The
L-DEP bulk force was frequency dependent, with an optimum crossover frequency

of 20 kHz and 40 kHz for propylene carbonate and DI water, respectively.'*

The change of contact angle as a function of electrode gap distance for a fixed applied
voltage is shown in Figure 30 A. The results revealed that electrodes with a smaller
gap distance produced larger changes in the contact angle. This was anticipated
because the thickness of the dielectric layer and the applied voltage remained
constant. Indeed, a better performance for electrodes with a larger gap distance is
possible using a thicker insulating layer with a higher applied voltage, typically
several hundred volts. Furthermore, Figure 30 B shows the change of contact angle
as a function of applied voltage. The results verified the fundamental relationship
between electrowetting and dielectrowetting that the cosine of contact angle is

proportional to the applied voltage squared, similar to electrowetting. !

The experimental results in Figure 30 C verify a critical signal frequency for DI water
when the liquid was exhibiting a dielectric response consistent with expectations of
operating above a critical signal frequency. The highest dielectrophoretic response
was between 30 kHz and 50 kHz. The difference was insignificant at lower
frequencies (i.e., up to 5 kHz), dominated by electrowetting. The dielectrophoretic

response is related to the magnitude of the electric field. Hence, the effect is visible
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at higher frequencies (30 kHz to 50 kHz). Note that slight variation in the electrical
conductivity of the liquid will shift the critical signal frequency by tens of
kilohertz.'*°

Moreover, a larger gap distance (80 wm) fails to generate an adequate L-DEP force
at higher frequencies (i.e., 40 kHz). IDEs with a gap distance of 80 pm can still
produce an equivalent L-DEP force, but only when employing higher voltages
(200 V or more), as reported elsewhere.!*? The L-DEP and electrowetting dominate
the droplet actuation in the high- and low-frequency limits, respectively. This is
notably evident for the electrowetting actuation of conductive droplets using lower

signal frequencies.
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Figure 30 Experimental results from a contact angle goniometer. (A) Change of contact
angle for DI water droplets at 100 V (40 kHz) for different electrode gap distances. (B)
Change of contact angle for DI water (40 kHz), and propylene carbonate droplets (20 kHz),
at different operating voltages with an electrode gap distance of 20 pm. The linear
dependence of cos(8) on V2 is shown in the inset for testing of DI water. (C) Change of
contact angle (DI water) versus signal frequency at 100 V for a fixed geometry (20 um).
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4.1.4

Actuation principle

The actuation mechanism was governed by L-DEP, where the activated electrodes
generate a condition for a droplet to spread across a surface (see Figure 31). Suppose
a sessile droplet is placed on the edge of an electrode; when activated (ON), the
penetrating L-DEP force changes the contact angle on one side of the droplet, thus
causing asymmetric wetting, which changes the droplet’s center of mass, effectively
causing motion. There was also a small overlapping region between the electrodes
for a smoother actuation. Furthermore, the overlapping region reduces any actuation
lag, where the droplet moves back to the previous electrode pad. An alternative
method to minimise the actuation lag was by changing the size of the IDEs. The
electrode surface area determines the range of droplet volume compatible with the
electrode design. The droplet spreading speed was also influenced by the size of the

electrode pads and the electrode activation time.

Figure 31 3D schematic of the droplet actuation process. (A) An electrode pad. (B)
An overlapping region to facilitate a smoother droplet transition. The electrode pads
are activated [ON] when a voltage source is applied between the ground and signal
terminals to generate a non-uniform electric field that penetrates the liquid interface.
Oppositely, when the circuit is open [OFF] the electrode is idle.
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4.1.5 Droplet actuation

The present study deals with the actuation of droplets using a sequential switching
technique. The droplet transportation mechanism follows a three actuation step
principle; (1,0,0 — 0,1,0 — 0,0,1), where 1’s are the activated electrodes, and 0’s
represent the deactivated electrodes. Figure 32 shows 36 IDEs actuating a DI water
droplet on an OTS surface. However, other liquids are similarly compatible since
L-DEP is frequency-dependent. For instance, using dielectric liquids (i.e., propylene
carbonate) can generate even a higher L-DEP force, as they are commonly used in

other dielectrowetting studies.!*?

Figure 32 The top view image of a device with 36 IDEs sets (6 mm X 1 mm) to
actuate a DI water droplet using 95 V with a signal frequency of 40 kHz. The activated
IDEs are represented with a highlighted red colour box.
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Linear droplet actuation was achieved at 105 V, with a measured speed of
20 mm/s. Unlike other studies of L-DEP or EWOD, the electrode pads had a higher
length to width aspect ratio. This is particularly important for a large-scale device,
providing a higher resolution to actuate smaller droplets (see Chapter 6). The

minimum operating voltage on an OTS surface was 90 V.

Thus far, electric fields manipulated water droplets to wet a solid surface coated with
SAM OTS. However, further refinement is feasible by improving the surface
hydrophobicity. Moreover, even lower operating voltages are possible using a
lubricant surface treatment. Applying an oil layer on top of the OTS surface modified
the pinning forces at the droplet edge associated with the contact angle hysteresis.
Indeed, previous work on electrowetting reported modification of the contact angle
hysteresis to produce a reversible spreading of droplets using a thin oil layer.'! This
is an alternative method to modify the surface wettability to minimise the contact
angle hysteresis,'* and similar results are likewise attainable using an enhanced OTS

surface with superhydrophobic wetting properties.'”

The actuation of water droplets was achieved at a voltage as low as 30 V using a
layer of mineral oil with an average thickness of 100 pm (see Figure 33). On the
contrary, the actuation speed was severely reduced after the surface treatment to only
1.5 mm/s. This can be explained by the drop in the electrostatic energy per unit
contact area in the droplet edge, determined by the applied voltage and penetration
of the electric fields in the liquid layer. Furthermore, the mineral oil layer promotes
contact line movements, and changes the contact angle, whilst also reducing the

electric field intensity that penetrates into the water.

The thickness of the oil layer was regulated by controlling the volume of the oil-
injected over a confined area and then spin-coated to aid uniformity. There are other
methods to produce a lubricant impregnated surface, such as using micro-pillars.'!
However, these treatments would increase the thickness of the insulating layer,
which can reduce the performance. Nevertheless, a faster droplet motion with a lower

operating voltage may still be possible by reducing the lubricant thickness to generate
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4.2

higher forces. The application of the lubricant layer was not further pursued as it is

irrelevant in the automotive sector. Furthermore, employing a superhydrophobic

coating can also produce similar performances.

kapton tape

oil 4—. 4

Figure 33 Experimental method showing the actuation of a droplet using lower voltages.
(A - C) The thickness of the oil layer was regulated by controlling the volume of the oil
injected over a confined area and then spin coated to aid uniformity. (D - G) Top view
images showing the actuation of a water droplet using 30 V on a layer of mineral oil.

Wetting modification

Droplet actuation via a wetting modification is another method to produce droplet
movement for a self-cleaning application. Due to the high contact angles associated
with the hydrophobic surfaces, the droplets readily roll-off, compiling dirt particles
along the way. This self-cleaning mechanism can either function independently or
be integrated with other actuation methods (i.e., electric systems) to improve their

performance.
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A self-cleaning superhydrophobic coating is an appealing solution, but they have a
relatively short lifecycle as their hydrophobic properties degrade over time.
Furthermore, most of the effective coatings have topographical patterns that interfere
with optical transparency, and are also prone to failures due to a surface mechanical
damage. One of the best solutions is incorporating a suspension of hydrophobic silica
nanoparticles spray-coated on a substrate.!”> Nevertheless, other superhydrophobic
coatings are comparatively effective using different coating methods.!** Various
methods have been developed to prepare wettability patterns on superhydrophobic
coatings. For example, plasma treatment,'*> photo-induced modification, ' and soft-
lithography.'®” The primary limitation of the coating methods for our application is

the thickness of the layer.

A continuous and unidirectional droplet actuation has already been reported without
any input energy using a wettability gradient.®” Typically, by modifying the surface
chemistry or otherwise adding topographical features.”” Additionally, it is also
possible to combine this approach with a microfluidic device for transporting and
merging droplets. There are likewise new methods to transport microscopic liquid
layers based on a unique topological structure.” The topological fluid diode enabled

long-distance directional liquid transport.

4.2.1 Hydrophobic coating

The self-assembly of organic molecules is a spontaneous chemical process in which
chains of molecules are formed on the substrate by adsorption, and are organised into
a more or less large ordered domain.!*® Adsorption is a chemical process describing
the adhesion of molecules from a gas or liquid to a substrate. OTS SAMs produced
by adsorption is typically made by immersing a substrate into a solvent solution
(typically hexane or toluene).!”® However, the self-assembly process is also possible
from the vapour phase.??’ They are made by the chemisorption of the "head groups"

onto a substrate, followed by a slow (several hours) organisation of the "tail group".
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Generally, the SAM formation kinetics are dependent on the growth conditions and
material properties of the adsorbate, substrate, and solvent. The growth temperature
is critical as higher temperatures (i.e., higher than room temperature) increase the
entropy of the growth leading to nonuniformities.?’! Furthermore, the concentration
of adsorbate in the solution is crucial.’?> For instance, a low concentration require a
longer immersion time. Other examples include the purity of the adsorbate,
contamination on the substrate, level of humidity, the alkyl chain length, and

mechanical vibration during the growth can all change the thin-film growth quality.

The coating of OTS via a self-assembly method was the preferred hydrophobic
surface treatment because of scalability, availability, and affordability.?®* The
hydrophobic coatings were sensitive to contamination, but values reproducible to
better than a few degrees were obtained under controlled conditions. Additionally,

the thickness of the SAM OTS coating is in the nanoscale.'®

Hydrophobic surfaces have self-cleaning properties, and they are highly water
repellent. For instance, droplets tend to roll away from the surface, carrying dirt and
contaminants without any external force. This effect is amplified when other external
forces are included. For example, when a tilted surface is placed in front of a wind

stream, a scenario typically found in an automotive application.

Figure 34 A shows the effects of hexane-OTS solution concentration and SAM
deposition time on the droplet contact angle. A higher concentration of hexane-OTS
can increase the contact angle up to a saturation limit of 110°. The solution of
hexane/OTS (1 part of OTS in 500 parts of hexane by volume) was the most

appropriate condition with a self-assembly deposition of at least 7 hours.

Figure 34 B shows the sliding angle versus droplet volume for a surface with a
contact angle of 110° (+4). Figure 34 C, D shows the side view images of a droplet
with a contact angle of 110° and a sliding angle of 10°, having a contact angle
hysteresis of 14°. The droplet sliding angle is a characterisation method to assess the

droplet mobility. The sliding angle is between 23° and 7°, depending on the droplet
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volume. Moreover, the sliding angle is higher for smaller droplets because gravity is

less dominant (below the capillary length).
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Figure 34 OTS hydrophobic coating. (A) The contact angle versus hexane-OTS
solution concentration (ml). (B) Sliding angle versus droplet volume for an OTS
surface with an optimum contact angle of 110°. (C - D) Side view images showing
the droplet contact angle at 110°, with a sliding angle of 10°, and a corresponding
contact angle hysteresis of 14°.

A closer look at the deposition time and solution concentration shows that the contact
angle reaches a saturation limit at 110°. Nevertheless, reported studies showed that
functionalising SAM OTS with a plasma-treated SU-8 surface significantly
improved the hydrophobicity (even up to 150°).'” However, the reported
superhydrophobic properties are unstable and degrade over time. In contrast, there
are other fabrication methods to obtain a superhydrophobic surface. The most
popular is the modification of the surface morphology before applying the

hydrophobic coating. For instance, micro-pillar arrays are commonly used to achieve
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superhydrophobic properties.?** Alternatively, growing nanowires before depositing
the hydrophobic coating changes the surface morphology and produces similar

results.??’

We deposited zinc oxide (ZnO) nanowires to modify the surface morphology before
the SAM process to produce a superhydrophobic coating. Initially, 10 nm of silicon
dioxide (SiO2) was deposited (using an E-beam evaporator) on the SU-8 layer to
improve the uniformity of the nanowires. The nanowires were grown on the surface
by a seed-mediated chemical bath deposition process. The nanowire film modified
the surface before the OTS self-assembly process. Figure 35 A shows multiple water
droplets on a superhydrophobic surface (OTS SAM) functionalised with the ZnO

nanowires.

Before and after coating the nanowires with OTS, the surface wetting properties
change from superhydrophilic to superhydrophobic. Figure 35 B shows a side view
image of a droplet with a contact angle of 165° from 110° when coating a non-texture
surface with SAM OTS. Furthermore, the sliding angle of the superhydrophobic
surface is less than 1°. Figure 35 C-E shows time-lapsed images of a water droplet
moving across a surface at an inclined angle of 5°. Additionally, Figure 35 F shows
an SEM image of the ZnO nanostructures-based coating. The ZnO nanostructures
are cheap and easy to grow. Furthermore, they are biocompatible and ideal for

microfluidic applications.?%

ZnO nanowires are prone to mechanical damage due to their poor mechanical
properties.?’” Furthermore, from an electrical perspective, ZnO is a semiconducting
metal oxide. Therefore, it is an incompatible candidate for a coating material on
electrowetting/L-DEP devices that require the electric field to penetrate the liquid
interface. Additionally, the nanowires reduced the optical transparency (see Figure
35 A), which is also critical for some applications, particularly for a self-cleaning

cover lens.
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Figure 35 (A) Broad overview imagine showing multiple droplets on a
superhydrophobic surface. (B) The side view image of a droplet with a contact angle
of 165°. (C - E) Time-lapsed images of water droplets moving across a surface (at
an inclined angle of 5°) with a superhydrophobic coating. The sliding angle of the
surface is actually less than 1°, immediately rolling off any droplets that come in
contact with the surface. (F) Scanning electron micrographs of ZnO nanowires.
Furthermore, the height of the nanowires are 600 nm.
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4.2.2

Droplet actuation by a wetting gradient

In principle, a wettability gradient is a hydrophilic/hydrophobic pattern that produces
droplet motion in the direction of increasing wettability.2’® There are several reported
studies investigating the wettability gradient for droplet actuation.?%%-!!
Nevertheless, a wettability gradient using SAM OTS coating is uncommon.
Figure 36 shows the testing of a 5 mm long pad with a wettability gradient. The width
of the gradient patterns change from 400 um to 20 um (see Figure 36 A). The
patterned coatings were prepared using a photolithography process. A photoresist
layer (S-1813) was spin-coated over the SU-8 layer and patterned using a photomask.
The samples were then treated with a hydrophobic SAM OTS coating to enhance the
surface hydrophobicity. The photoresist layer was then removed using the 1165

remover to produce a patterned OTS layer.

Figure 36 B-E shows the time-lapse images of a droplet (DI water) moving across
the surface with a wettability gradient. The morphology of the patterned surface was
in the nano-scale, and it was entirely transparent. For that reason, there are four red
markings on the back of the glass substrate to identify the area with a wettability
gradient. When a droplet was placed on the right end of the patterned strip
(hydrophobic dominated area), it moves spontaneously along the direction of the

wettability gradient towards the more hydrophilic region.

The droplet actuation by wettability gradient has several disadvantages. Firstly, the
droplet motion is interrupted when placed over the hydrophilic area. This is
problematic when several droplets are added to the surface, i.e., during rainfall to
form a larger droplet. Moreover, we noticed that the effectiveness of the wetting
gradient degraded over time as new impurities/contaminants were deposited over the

surface over time.
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Figure 36 (A) Hydrophobic pattern showing the wettability gradient for a
unidirectional droplet actuation. The dark areas are coated with SAM OTS.
(B - E) Time-lapsed images of a water droplet moving across a surface with a
wettability gradient. There are four red markings on the back of the glass substrate
to identify the area with a wettability gradient.

The uncontrollability of the droplet motion is limited by the length of the wettability
gradient and it is unsuitable for a large-scale device. Therefore, we propose a novel
approach where the wettability gradient is combined with an electric system to
overcome this limitation. Figure 37 shows a hypothetical device where the electric
fields move the droplet from one wettability gradient pad to another and effectively
increase the actuation length. However, the application of the wettability gradient is
still limited by the short lifespan, making it less effective than the electric systems
that can increase the applied voltage to compensate for the reduction in the

hydrophobicity.
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Figure 37 Schematic drawing showing a conceptual design of a combined electric-
driven droplet actuation with a wettability gradient for a large-scale application. (A) The
device consists of four IDEs to electrically control the droplet position. (B) Wettability
gradients are fabricated over the SU-8 layer in the device-A. (A+B) The hybrid device
that overcomes the limitation of the wettability gradient for a large-scale device.

4.3 Variable interdigitated electrodes

Droplet manipulation is a growing area of research with several engineering,
biological, and chemical protocols in lab-on-a-chip systems.!** 133 The work here
focuses on the continuous actuation of both conductive and dielectric droplets,
overcoming the main bottlenecks in competitive technologies that require high
voltages and are often limited to a fixed droplet volume. Electrodes with a variable
gap distance generated an asymmetric electrostatic net force, and thus, causing

droplet movement.?!?

Furthermore, we explored the frequency-dependent
relationship between L-DEP and electrowetting. The elongation of the droplets as a
function of electrode length was also considered to highlight the magnitude applied

forces for various geometries of VIDEs.
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4.3.1

Actuation principle

Figure 38 A shows the design of a typical VIDEs consisting of interdigitated
electrode pairs with a variable gap distance (Ds) and a length (L). The droplet
actuation is possible using an applied DC or AC voltage source to generate a variable
non-uniform electric field along the length of the device. The electrowetting and
L-DEP effect can be realised via an appropriate signal frequency to actuate various
liquids with different volumes. The droplet has to be situated over at least one pair
of VIDEs to be actuated. Therefore, the droplet's diameter has to be at least 500 pm.
However, smaller droplets can still be actuated using an electrode design with

smaller electrodes.

Figure 38 B shows the change of electric field along the VIDEs using a COMSOL
Multiphysics simulation model. The droplet is continuously moved across the
electrode pad towards the region with a higher electric field gradient. Unlike the
sequential actuation technique (i.e., in IDEs), the droplet motion is independent of
the droplet volume and position. Additionally, the actuation concept is simple,

reliable, and suitable for applications with a linear droplet movement.

The fabrication process was similar to the device shown in section 4.1.2, with four
separate layers. The base substrate was borosilicate glass, and then an array of VIDEs
(aluminium or ITO) was fabricated using standard photolithography. The VIDEs
were protected by an insulating layer (SU-8), with a thickness of 0.5 pm to 1 pm.
Finally, the SU-8 layer was functionalised with SAM OTS hydrophobic coating to
improve the actuation performance. Additionally, the applied voltages were further
reduced using an oil lubricant layer to minimise the contact angle hysteresis

associated with the pinning forces.
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Figure 38 (A) The general overview of a device moving droplets. The device
parameters are the electrode length (L), and a varying gap distance (Dy). The
electrodes are connected to a voltage source to generate an electric field gradient.
(B) 2D COMSOL Multiphysics simulation model to show the change of the
electric field along the varying gap distance. The blue circle represent a droplet,
and the actuation direction is shown with an arrow.
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4.3.2

Continuous droplet actuation

The ability to manipulate droplets with different volumes is fundamental for droplet-
based microfluidics, and a critical design requirement for a large-scale cleaning
platform. Figure 39 shows the continuous actuation of DI water droplets with
different volumes (1 pL to 9 uL) along the length of the VIDEs. Note that the
continuous droplet motion is independent of its position on the electrode pad. Hence,
the droplet motion is a substantial simplification compared to the conventional
actuation methods, without any requirements for direct control or an active feedback

control system.

Figure 39 Experimental results showing the actuation of droplets with different volumes
on a typical VIDE (L = 10 mm, and D, = 20 pm and 200 pm). The testing liquid was DI
water moving on an oil lubricant layer using 75 V with a frequency of 20 kHz. Note that
there is no fixed time between the images taken in the columns.

We considered two electrode geometries with different lengths (L = 5 mm and

10 mm). Figure 40 A shows the effect of applied voltage on the actuation speed.
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To calculate the actuation speed, the droplet actuation length is divided by the
average time taken for the droplet to reach the edge of the electrode. The experiments
verified that the performance of shorter electrodes was up to three times faster than
the longer pads. The improved performance is because of sharper changes in the
electrode gap distance, thus resulting in a higher effective net force. In contrast,
shorter electrodes cover a smaller surface area and may require a switching method
for larger platforms. Therefore, the performance is dependent on the scale of the

application.
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Figure 40 (A) Experimental results comparing the actuation speed at different
voltages with a fixed frequency of 20 kHz. The testing liquid was DI water (6 pL),
verified on two different pad size lengths. (B) Actuation speed for different
volumes of droplets with a fixed voltage of 100 V at a signal frequency of 0.5 kHz.
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Figure 40 B shows the actuation speed for different droplet volumes, highlighting
the device performance at different scales. The droplet size has a major impact on
the actuation speed. Notably, larger droplets (greater than 2.3 mm) cover a greater
surface area and have a shorter distance to cover. Moreover, the larger droplets
experience a greater surface friction, with gravity playing a more dominant role,
which is a significant design factor for inclined surfaces. Similarly, larger droplets
overlap with more electrodes, and thus the electrode size is a critical design

consideration.

The experimental results provided an insight into the droplet actuation speed and
similarly verified the impact of electrode geometry on the actuation performance.
Additionally, other geometries with different gaps were also tested to study the effect
of electrode gap distance on the actuation performance. The experiments showed that
smaller changes in the gap distance (i.e., Dn = 20 um to 40 um) resulted in a failed
actuation. The actuation speed was either too slow, or the droplets would get
stretched across the surface at higher voltages. The effect of electrode gap distance

on the generated electrokinetic forces is further discussed in Chapter 5.

From an application perspective, lower operating voltages are always desirable to
avoid complex electronics and electromagnetic compatibility. The introduction of a
lubricant layer minimised the surface adhesion, resulting in even lower operating
voltages (as low as 40 V). However, the actuation on a plain OTS surface was only
possible at higher voltages (100 V or more). Moreover, a lower operating voltage is

feasible using a superhydrophobic coating.

Applying a modulated AC signal frequency resulted in a smoother droplet actuation
on a plain OTS surface. The pulse signal keying, representing a series of logical ‘0’s
and ‘1’s by switching OFF and ON the applied carrier wave signal. The simple
ON/OFF binary pulse signals stimulated the droplet’s wetting properties to overcome
the pinning forces at the droplet contact line. Figure 41 shows the experimental
results with a pulse signal frequency of 2 Hz, and a carrier signal frequency of

500 Hz (sine-wave signal), at a voltage of 90 V RMS.
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Other amplitude modulations had an adverse effect on the droplet actuation process.
The utilisation of a clock signal generation where the frequency of the carrier wave
is changing randomly within a range of feasible values is also practical. The proposed
signal modulation is advantageous for automotive applications to reduce the
electromagnetic interference (EMI) spectral density that these systems typically

generate.

The technological advancements emerging from this work will enable consumer
applications previously inaccessible due to the high voltages, size limitations, and
control requirements. In Figure 41, the actuation time was 15 seconds. However, the
pulse droplet motion using lower voltages coupled with an external force, i.e., shear

wind force, can produce adequate droplet motion with practical implications.
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Figure 41 Top view images showing the actuation of DI water droplets using a
modulated AC voltage signal (90 V RMS) on a typical VIDEs (L = 10 mm and D, =
20 um and 200 um). (A) The digital modulation signal, showing a square pulse signal
(2 Hz), with a carrier signal (500 Hz). (B) DI water droplet moving on an OTS surface
using a modulated signal frequency at lower voltages.
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4.3.3

Droplet elongation effect

The droplet deformation and elongation across the VIDEs is another method to
characterise the applied electric forces. The droplet profile changes from a circular
shape into an ellipsoidal geometry when approaching the Dmin. Significant elongation
occurs with a change in the droplet curvature, emphasising the magnitude and type
of the electric forces applied along its longitudinal axis. This is a different
characterisation criterion than the actuation speed, where the net force translates into
faster droplet motion. The elongation effect is also important when estimating the
applied electric force, since the droplet diameter is not constant (see Chapter 5 for

more detail).

The ratio of droplet extension to the original length is the elongation factor (€), and
it measures the degree of deformation when it is subjected to an electric force.
Figure 42 A shows the degree of deformation as a function of droplet volume for an
electrode pad (L = 10 mm, and D, =20 pm to 200 um), and the applied signal was
100 V. Furthermore, Figure 42 B shows the degree of deformation as a function of

applied voltage for a fixed signal frequency of 10 kHz.

The higher voltages generated the largest degree of deformation. However, the most
significant factor was the rate of change in the gap distance that created the largest
net force. The elongation effect on the droplet volume is also related to the balance
between gravity and surface tension during the deformation process. The
experimental results also identified that the smaller droplets undergo the largest

degree of deformation.

Figure 42 C - E, shows the droplet elongation (DI water) on a typical VIDEs. The
elongation effect was significant when testing a dielectric liquid (propylene
carbonate), generating strong dielectrophoretic forces at even lower voltages. When
employing a signal (100 V RMS) at a signal frequency of 10 kHz, the value for €
was 0.6 and 0.9 for DI water and propylene carbonate, respectively. The propylene

carbonate droplets actuated across the electrode pad by initially spreading into a strip
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film then transported towards the highest electric field gradient. The actuation
behaviour can be explained considering the high dielectric constant and low surface
tension of the liquid. Furthermore, the elongation of a propylene carbonate droplet at
75 V was €=0.6, equivalent to the elongation factor of DI water at 100 V.
Furthermore, the droplet elongation changes the droplet surface area, and it can be
measured using ImagelJ. This is particularly important for calculating the actuating

force or carrying out other mathematical analyses.
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Figure 42 Experimental data showing the droplet elongation. The elongation factor
(€), is the ratio of extension to the original length. (A) For different droplet volumes
(100 V at 10 kHz). (B) The different applied voltages for a fixed signal frequency of
10 kHz. (C - E) The top view images of an elongated DI water droplet at three
different positions.
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4.3.4

Frequency-dependent study

The electrode gap distance in the VIDEs gradually decrease, which leads to an
increase in the surface area. Therefore, the electrode geometry enhances the effect of
EWOD and L-DEP at different signal frequencies. The electric double layer changes
across the electrode length. Additionally, there is also an electric field gradient

generated across the length of the VIDE:s.

The frequency-dependent behaviour can be explained considering a series capacitive
coupling on a planar electrodes (see section 2.7). The RC circuit network model
quantifies such dependency by considering the ohmic conductance and capacitance
of the dielectric coating and liquid droplet. The liquid behaviour is dominated by
electrowetting at low frequencies, where the voltage drops mainly across the
dielectric layer. On the contrary, the L-DEP effect is dominant at higher frequencies,
where the voltage drops mainly across the liquid. If the signal frequency exceeds the
crossover frequency, the voltage drop occurs along with the liquid, which results in
an electrothermal effect, and thus, eventually leads to Joule heating.*!* Typically, this
is associated with high voltages (several hundred volts), applied at a high signal

frequency (> 50 kHz for water).

In this section, the frequency-dependent relationship between the two mechanisms is
reported. The water-based solutions were tested at room temperature using different
signal frequencies (0.5 kHz to 1.5 MHz at 75 V, and a DC voltage applied at 75 V).
The results are summarised in Figure 43 A for the saturated potassium chloride (KCI)
solution, DI water, and a 0.006 M KCI solution, which had similar properties to
rainwater. Note that any variation in the electrical conductivity of the liquid will
significantly shift the crossover frequency.!”® However, detecting small changes in
the actuation performance is less likely using the droplet actuation speed method.
This is because the actuation speed is not very sensitive to small changes, and thus,

it only measures large changes that produces droplet motion.
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The higher voltages are not recommended for this study, because of the thickness of
the dielectric layer. The highest actuation speed was detected for lower frequencies,
where the electrowetting effect is dominant. For instance, the highest dependence on
the frequency for DI water was registered between 0.5 kHz to 10 kHz. This is
expected as the critical frequency for DI water is approximately 5 kHz.* Note that
this value changes for different testing conditions. Furthermore, a dielectrophoretic

response requires much higher voltages (several hundred volts).?!*

The halide salt solutions behaved differently because the conductivities are much
higher than that of DI water, with an estimated critical frequency in the range of a
few hundred kilohertz, as it is also experimentally reported elsewhere.!>* Employing
DC voltages resulted in lowered performance, and hence was avoided. The average

! were registered (at 75 V) for solution

actuation speeds of 1 mm s and 1.25 mm s°
concentrations of 0.006 M and 4 M, respectably. However, depending on the
application, a DC voltage source is still favourable because of simpler control
requirements. Note that the contact angle saturation limit is far below the 4 M KCl

solution tested in this experiment.!

Testing results for dielectric liquids highlighted the optimum signal frequency at
which they are experiencing the highest dielectrophoretic response. Figure 43 B
shows the testing results for dielectric liquids (DI water and propylene carbonate).
The L-DEP effect utilises the liquid properties of propylene carbonate, e.g., high
surface tension and high dielectric constant, to generate a strong L-DEP force. The
optimum frequency for the propylene carbonate was approximately 20 kHz. In
contrast, the generated L-DEP force applied at a high frequency (i.e., 50 kHz) was
not significant enough for DI water to produce high-speed droplet motion. Further
refinement is feasible because L-DEP is not limited by contact angle saturation.
Thus, higher voltages produce a deeper penetration with a larger electric field to

generate even greater forces.

The frequency-dependent study using different liquids provided sufficient

information to select a fixed signal frequency (0.5 kHz) for a surface cleaning
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application. Additionally, signal processing of low frequency AC signals (in the
range of a few kilohertz) is preferred to high frequencies needed for L-DEP, such as
in the case for IDEs. Furthermore, the fixed signal frequency reduced the control

system complexity, and thus all of the associated costs.
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Figure 43 Experimental results that characterise the device performance
using the average droplet actuation speed. (A) The frequency-dependent study
for water and KCI solutions with different concentrations, tested using DC
and AC signal frequencies. The fixed electrode geometry has dimensions of
L =10 mm and D, =20 pm to 200 pm. (B) Experimental results for dielectric
liquids with an applied voltage of 75 V.
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4.4 Summary

In this chapter, we explored various droplet actuation methods. Firstly, the
conventional IDEs were improved by reducing the electrode gap distance and
insulting thickness to achieve lower operating voltages (100 V or less) from several
hundred volts in the previous studies.!* The lower operating voltages have several
advantages, such as electromagnetic compatibility and other safety concerns.
Additionally, when considering these adaptations for a different application (i.e.,
microfluidics), the open surface structure has advantages compared to the sandwich
structure, including easy droplet access with the external device. The electrokinetic
force generated by the IDEs produced high actuation speeds. The high actuation
speed was associated with strong electric fields generated from IDEs with a gap
distance of 20 um. Consequently, IDEs are predominantly suitable for applications

where the high actuation speed is a design requirement.

This chapter also introduced a novel electrode design with a variable gap distance to
generate an electrostatic gradient to continuously move droplets. The actuation
principle is not limited by the droplet size or a requirement for a control system. It is
significantly simpler than the conventional IDEs, and likewise, more appropriate in
a self-cleaning application. On the other hand, the droplet actuation may not be
suitable for some microfluidic applications that require actuation selectivity and
directionality. Measuring the droplet deformation and elongation across the VIDEs
characterised the applied electric forces. Moreover, the frequency-dependent
electromechanics of aqueous droplets is also critical to better understand the
relationship between EWOD and L-DEP. It is also possible to select a fixed signal

frequency to simply the actuation process.

The study of the hydrophobic coatings showed that a higher contact angle is possible
by increasing the concentration of OTS-hexane solution with a longer deposition
time. Additionally, we presented a superhydrophobic coating using ZnO nanowires

with several applications in microfluidics. The spontaneous droplet actuation using
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a wettability gradient of SAM OTS was also presented here. However, the actuation
method was unsuitable for a cleaning application because of the limited length of the
wetting gradient, and the gradual degradation of the hydrophobic coating. The high
surface energy of less hydrophobic regions prevented the droplet from moving,
which was a major design limitation for a surface cleaning platform. However, we
also proposed a novel approach where the wettability gradient is combined with an

electric system to overcome this limitation.

In summary, every actuation method is suitable for a specific application. However,
we propose that the VIDEs are the most appropriate design for a self-cleaning
platform. A notable suggestion is integrating the wettability gradient with the VIDEs
design to reduce the actuation voltages. Furthermore, applying a higher voltage can
compensate for the degradation of the hydrophobic coating gradient, extending the
lifecycle of the cleaning platform. An alternative approach is employing an effective

superhydrophobic coating to reduce the actuation voltage.
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Chapter 5
Electrokinetic Forces

This chapter focuses on studying the droplet actuation physics and the electrokinetic
forces generated across the VIDEs using an analytical and experimental approach.
COMSOL Multiphysics simulated the distribution of electric fields generated by the
VIDEs. Additionally, we explored an RC circuit network model to analyse the
actuation physics of VIDEs. The analytical study estimated the values of equivalent
capacitors, resistors, maximum electrostatic energy, maximum electrostatic force,
and critical signal frequency. The experimental method consisted of a tilted platform
that characterised the electric body forces as a function of gravity of a droplet on a
frictionless surface. Furthermore, we experimentally verified the optimum actuation
performance and critical signal frequency using the tilting stage method. The analysis
demonstrated in this chapter provides an analytical method to improve the electrode

design and maximise the droplet actuation force.

5.1 Device model and simulations

5.1.1 Electric field simulation

The electrostatic module in COMSOL Multiphysics provided the simulation models
to analyse the electric field distribution. There are four different electrode geometries
selected for this study with varying length and gap distance (see the details in
Table.2). The electrode gap distance was kept at 20 um to prevent a dielectric

breakdown at higher voltages (up to 100 V).
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Table 2 The dimensions (length and gap distance) of the electrodes (VIDEs) used in this section. The
minimum electrode gap distance was kept at 20 pm.

Electrodes (VIDES) Length (mm) | Maximum gap distance (um)
VIDE 1 10 400
VIDE 2 10 200
VIDE 3 5 400
VIDE 4 5 200

Referring back to Eq. 11 (section 2.5), the primary driving factor for generating the
largest electric body force is the magnitude of an applied electric field. In particular,
the rate of change in electric field across the length of the VIDEs. Therefore, for an
electrode pad with a fixed length, the change of gap distance is an important design
consideration to control the actuation forces. Figure 44 shows the simulation results

for different pairs of VIDEs with an applied voltage of 75 V.
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Figure 44 Line graph showing the decay of the norm electric field along the
length of the VIDEs for different geometries. The subfigure shows the cut plane

that the readings were taken from, labelled as “x”. Dmin was fixed at 20 pm. Please
refer back to Table. 2 to see the electrode geometries.
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The simulation results showed that shorter electrodes (L = Smm), and VIDEs with a
variable gap distance between 20 um to 400 um produced the sharpest change in the
electric field. Furthermore, the density of electrode pairs (i.e., number of fingers) is
similarly important. For instance, VIDEs with a maximum gap distance of 200 um

had twice the electrode density per unit area.

Although only four electrode geometries were considered here, other designs are still
feasible with a longer length or a different gap distance. However, increasing the
length beyond a certain limit becomes problematic because the rate of change in the
electric field becomes too subtle. VIDEs with a lower electrostatic gradient produce
smaller forces. Thus, requiring either a superhydrophobic surface or a larger applied
voltage to produce droplet motion. A larger voltage is needed because of a wider
range in the electrode gap distance to generate an equivalent actuation net force.
Whereas an improved hydrophobic surface minimises the retention force of surface

adhesion.

5.1.2  RC Circuit Network Analysis

To carry out the RC circuit network analysis, the circular cross-section of the droplet
with a radius R, was split into sub-domains (see Figure 45). The average droplet
radius was estimated experimentally using the data collected from section 4.3.3. The
analytical analysis in this section considers only two finger electrodes (pair of
VIDEs). The area of interest is calculated from the electrode width W,, when
considering the reference centre line distance d, and the distance Y; and Y,, which
are the distances along the edge of the electrode pad. There is a shared surface area
between the finger electrode and droplet interface, labelled as A, . Additionally, there
are two smaller areas A,, covering both ends of the finger electrode, which was
neglected to simplify the calculations. Note that the equivalent surface area Agg,

which is the combined area between two finger electrodes rises linearly along the
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length of the VIDEs at different segments x'. There is also a corresponding

horizontal intersection point x; and x, for every reference segment point of x'.

|
|
|
—

Figure 45 Schematic showing a droplet with a radius (R). The droplet is situated across
the length of the electrode (L), at different segments (x'). The areas of interest (4, and
Ay) are calculated from the electrode width (W), when considering a reference centre line
distance (d), and (Y; and Y,), which are the distances along the edge of the electrode pad.

The distance x; and x, are shown as,

x; = x' — VR — d? (14)
and,

x, = x' + VR?2 — d? (15)

The electrode width is shown as,
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W=~ Y)s+(d — Yy (16)
And the intersection area between the electrode and the droplet is expressed as,
A (x") —f Wy dx = (Y, — V) —=—— (xz ) d-Y)l2—x) (A7)

The equivalent RC models provided additional information about the actuation
mechanism. The analysis is based on a cross-section of a droplet situated over a pair
of electrodes using a planar configuration (see section 2.7). The equivalent RC model
is the capacitance in the dielectric layer Cp, capacitance in the liquid C,, (dielectric

nature), and the liquid resistance R, (conductive nature), as depicted in Figure 46.

Figure 46 Schematic diagram showing the RC circuit network model of
a droplet situated on a pair of electrodes (VIDEs) covered with an
insulating layer.

The interface area can be substituted to estimate the equivalent parallel plate

capacitor (Cp), expressed as: *

Cp = — (18)
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with the assumption that the droplet is separated by an insulating layer with a
thickness D, a relative permittivity €, and the thickness of the SAM OTS layer is in
the nanoscale, and thus neglected. Moreover, the liquid conductance component G,,,,

is expressed as:*

_ owK(1-k?)s
Gw > =k (19)

where s is the length of an interface between the droplet and electrode pad. K is the
complete elliptical integral of the first kind, k? = [g/(g + w)]?, g is the electrode
gap distance, and w is electrode width. There are consequences of the assumptions
inherent in the expression for the liquid conductance. This includes having only two
parallel co-planar stripes of negligible thickness, and assumes that water of finite
conductivity fills the entire half space. Additionally, the electrical resistance Ry

which is the inverse of the conductance.

Lastly, the capacitance in the liquid (C,,) is shown as,*:

Gy = 22 (20)
Figure 47 A - D shows the estimated values for Cp, Cy, Gy, and R,,, respectively. The
electrical values are estimated for different VIDEs (see the electrode geometry in
Table 2). The analytical analysis shows that the value of dielectric capacitance
decreases linearly, whereas the liquid capacitance decreases nonlinearly as the
electrode gap distance increases. In contrast, the estimated electrical resistance rises
with an increase in the electrode gap distance. The calculations verify that electrodes
with a larger gap distance (VIDE-1 and VIDE-3), and shorter length (VIDE-3 and
VIDE-4) have the highest rate of change in the capacitance and resistance. The
electrical values calculated analytically can estimate the critical signal frequency,

maximum electrostatic energy, and maximum electrostatic actuation force.
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Figure 47 Analytical analysis based on the equivalent RC model to describe various
electrical components within the system. The distance (x) is the length of the electrode
pad. (A) Insulating layer with an equivalent parallel plate capacitor (Cp). (B)
Capacitance in the liquid (C). (C) Liquid conductance component (G,,). (D) Electrical
resistance (R,,) which is the inverse of the conductance. Please refer back to Table 2 to
see the electrode geometries.

Furthermore, Eq. 12 (Section 2.7) can estimate the critical signal frequency to clarify
the driving actuation mechanism (see Figure 48). Note that the conductance value is
actually underestimated, but any error is always overwhelmed by the variation in the
liquid conductivity, which was measured to be in the order of 10> uS/m. Close
observation shows that the optimum signal frequency response was over an area with
the smallest electrode gap distance. In this analysis, the critical signal frequency was
underestimated because the system is only considering two finger electrodes.
Additionally, the calculations ignore the small gaps in the ends of every finger

electrode A, (see Figure 45).
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Figure 48 Critical signal frequency for different electrode geometries. There
is a range in the frequency values because of the varying gap distance. Please
refer back to Table 2 to see the electrode geometries.

Referring back to Figure 46, there is also an electrostatic stored energy W, in the
insulating layer and water droplet when applying a potential difference U, which can

be written as:

CD|VD|2 + CW|VW|2

" 5 (21)

W, (x) =

Where Vv, and ¥, are the voltage difference across ), and C,,, respectively. Please
refer to the appendices for a detail breakdown of the derivations. Note that the
electrostatic energy considers both the dielectrophoretic and electrowetting

components. The complex amplitude of applied voltage across C,, is:

iw(Cp/2)Rw
W T 14iwRy, (Cp/2)+iwRy Cyy

(22)

where w=2xf, and the absolute value equals to,

107 |Page



2 _ _ w*(Cp/2)*Ry” 2
Vl* = 1+w2Ry2(Cp/2+Cy))2 Ul (23)

In addition, the voltage across Cp can be written as,

Vp=U—-1V, (24)
and
2 14+ w2Cy?Ry? 2
Vpl* = 1+w2Ry2(Cp/2+Cy)? Ul (25)

Figure 49 A shows the maximum electrostatic energy with a signal frequency sweep
between 500 Hz and 35 kHz. The analysis shows that the maximum electrostatic
energy decreases with an increase in the signal frequency, and the polynomial curve
flattens at higher frequencies (i.e., > 10 kHz). Moreover, Figure 49 B shows the
maximum electrostatic energy for varying voltages (up to 100 V). The graphic data

shows that the energy levels rise nonlinearly when increasing the applied voltage.

The virtual work theorem was used to estimate the maximum actuation force,
considering the first derivative of the electrostatic energy dw,/dx’, with respect to
the distance (x’). Figure 49 C shows the maximum estimated electrostatic force with
a frequency sweep between 500 Hz and 35 kHz. Note that this is the maximum
electrostatic force along the whole electrode length, and it is not to be confused with
the droplet actuation net force. Furthermore, the actuation force is nonlinear across
the VIDEs because of the VIDEs geometry variations. Therefore, the actuation force
is different depending on the droplet position along the length of the VIDEs. This
analysis is verified experimentally by looking at the droplet elongation (see section
4.3.3). Further work is needed to estimate the droplet actuation net force
experimentally. For instance, by conducting a dynamic study of the droplet actuation

speed using a high-speed camera to estimate the net force.

The analysis shows that the largest actuation force was detected at a lower signal

frequency spectrum (e.g., < 10 kHz). The actuation performance shows that there
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was a slight dip in the actuation force at the lower frequency spectrum. However, the
actuation force remains fairly constant at higher frequencies (e.g., > 10 kHz).
Additionally, Figure 49 D shows the maximum electrostatic force for varying
voltages (up to 100 V). The study shows that the actuation force rises nonlinearly

when increasing the applied voltage.

Figure 49 E shows the maximum electrostatic force of VIDEs with a different
electrode gap distance (Dmax) and a signal frequency sweep between 500 Hz and
35 kHz. The analysis shows that electrodes with a wider gap distance (Dmax) produce
larger forces. Figure 49 F shows the relationship between the electrode length and
the maximum electrostatic force (500 Hz and 35 kHz). The analytical results show
that shorter electrodes produce a larger force at a lower signal frequency. Moreover,

the performance declines at a faster rate at higher frequencies.

The primary focus of the study was to provide an analytical approach to analyse the
actuation physics. The calculations show that electrodes with a larger gap distance
(VIDE-1 and VIDE-3) and a shorter length (VIDE-3 and VIDE-4) generate the
highest electrostatic force, which is estimated to be in the orders of several tens of
micronewton. Additionally, further work is needed to better understand the actuation

mechanism as a function of electrode geometry.

The estimations considered both the conductive and dielectric components.
However, the analysis neglects any changes in the physical properties of water at
varying frequencies. Another assumption was that the droplet contact angle remained
constant as it moved along the VIDEs. The analytical analysis also ignored the oil
layer in the lubricant treatment. This effect is not so significant since the dielectric
constant of oil is much lower than that of water. The water-oil interface also changes
when applying an electric field but in principle, the oil layer is thicker near the droplet
edge. The changes in the film thickness is visible when experimentally observing the

droplet profile in motion.
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Figure 49 A) The maximum electrostatic energy versus the signal frequency. (B) The
maximum electrostatic energy for varying voltages. (C) The maximum electrostatic force
versus the signal frequency. (D) The maximum electrostatic force for varying voltages.
(E) The maximum electrostatic force versus the signal frequency for VIDEs with a
different (Dmax). (F) The maximum electrostatic force against the applied frequency for
VIDEs with a different length. Please refer to Table 2 to see the electrode geometries.
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5.2 Experimental Method

Figure 50 shows the experimental set-up with a mechanically rotary control of the
mount using a screw gauge adjuster (£ 0.1° accuracy). The device (VIDEs) is
attached to the platform and firmly secured using screws. There are several spring
pogo pins for electrical contact to the device. There is also a camera mount for a
Sony Exmor RS 8 MP (1080p). Recording measurements using the side view angle
is not recommended due to misalignment issues. Furthermore, because the droplet
sliding angle is the primary measuring parameter, only the top view perspective is

sufficient to detect any droplet displacement.

. _ [llumination
Connection Pins

Camera Mount

Rotary Positioners

Figure 50 Testing stage with a rotary positioner, spring pogo-pins for electrical
contacts, illumination, and camera mount. Firstly, the VIDEs were held in place with
Kapton tapes and then mounted with screws to the stage for better rigidity. The testing
was carried out on an insulating mat.
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5.3 Tilting Stage Experiment

The optimum operating conditions (VIDEs) in Chapter 4 were identified based on
the droplet actuation speed and elongation. The tilting stage experiment in this
chapter characterises the electromechanics of a continuously moving droplet as a
function of the maximum electrokinetic force. The maximum electric force acting on
the droplet is identified to be an external force Fe., acting against the gravitational
force of a macro-size droplet with a known weight W, resting on an inclined surface
with a tilting angle a. Please refer to Figure 51 for a free body diagram of a droplet

on a tilted surface.

Figure 51 Free body diagram of a droplet actuating on a typical VIDEs, showing
the droplet sliding angle. The two opposing forces acting on the droplet include
gravitational force (#), and applied electrokinetic forces (F.). The retention
force from surface adhesion is neglected because of a small sliding angle on the
lubricant surface.
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The droplet sliding angle at zero volts was an approximation of the surface adhesion
retention force. It underlines the opposing force that acts against the applied
electrokinetic force. Therefore, the effective in plane electrokinetic force is
calculated by considering the condition for a droplet remaining stuck on an inclined

surface, and expressed as:
F, = pQg (sin a, — sin as) (26)

where Q is the droplet volume, p is the liquid density, g is the gravity, as shows the
droplet sliding angle in the absence of an applied voltage, and ay, is the droplet sliding

angle under the influence of an applied electrokinetic force.

The testing liquid was DI water with a volume of 15 pL. The droplet volume was
regulated using a micropipette with an accuracy range of up to 0.1 pL. The droplet
volume should be as high as possible to minimise the effect of surface adhesion.
Although 20 pL was suitable for longer VIDEs, but the droplet diameter was too
large for shorter VIDE:s.

Droplet actuation was feasible on an OTS surface when applying high voltages
(100 V or more), but the surface adhesion is generally substantially high. Therefore,
it was important to minimise the surface adhesion through an oil surface treatment.
As a result, the dominant actuation mechanisms were the gravitational and the
electrokinetic forces. Figure 52 A demonstrates that a lubricant surface treatment
modifies the droplet sliding angle from 12° to 1°, when the droplet volume was
15 pL. To achieve this, mineral oil was spin-coated within a confined area. Kapton
tapes with a thickness of 30 pm provided a confined area to contain the oil layer,
approximately 100 um thick. An alternative approach in a future study is to consider
a superhydrophobic coating with a similar sliding angle. Note that such an adaptation
is beneficial and would reduce any experimental errors associated with the lubricant

surface treatment.
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Figure 52 B shows the relationship between the maximum electrokinetic force and
signal frequency between 500 Hz and 75 kHz with a fixed applied voltage of 70 V.
Higher voltages were avoided to minimise the critical sliding angle, and thus,
reducing experimental errors. The experimental results showed that there was a peak
at the lower frequency region below the critical frequency domain, and the optimum

frequency was between 500 Hz to 10 kHz.

The peak performance was higher for VIDEs with a larger Dmax. The effective force
was also higher for electrodes with a shorter length. The sharper changes in the
electrode gap distance explains the better performance for some geometries.
Furthermore, this is similar to the analysis based on the equivalent RC circuit
network (see section 5.1.2). Note that collecting more experimental data points
would significant improve the performance accuracy, particularly at the lower

frequency spectrum.

The declining performance at higher signal frequencies (15 kHz or more) was lower
for VIDEs with a smaller Dimax because of a higher electrode density per unit area.
Note that a higher applied voltage was needed to generate larger L-DEP forces at
higher signal frequencies. The typical operating voltages in previous studies were
several hundred volts. Additionally, the gradual reduction in the actuation
performance at higher signal frequencies could be because of energy losses due to

an increase of the liquid temperature.

Figure 52 C shows the relationship between the applied voltage (up to 100 V) and
electrokinetic force at a fixed signal frequency (1 kHz). A stronger electric field was
generated at higher voltages. Noticeably, the experimental results confirmed a non-
linear increase in the applied electric force upon increasing the applied voltage. The
actuation performance was higher for electrodes with shorter length and larger Dmax.
The actuation performance as a function of applied voltage closely matches with the
theoretical analysis based on the equivalent RC network model (section 5.1.2). Note

that the analysis based on the RC network model considered only a pair of VIDEs,
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but the experimental results include several pairs. As a result, the actuation force is

proportionally larger.
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Figure 52 (A) Droplet sliding angle without an applied voltage for different droplet
volume on an oil-treated and plain OTS surface. The right hand axis labelling is for an
OIL-OTS surface. (B) Experimental results showing the maximum electrokinetic
forces (F.) for varying signal frequencies. (C) The electrokinetic forces (F.) versus
applied voltage at a fixed signal frequency of 1 kHz.
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5.4 Summary

This chapter examined the applied electrokinetic force (EWOD and L-DEP) using
an experimental and analytical approach. The actuation force was calculated for
various electrode geometries. The analysis made attempts to explain the physical
actuation mechanism and provided an analytical method to optimise the electrode

geometries and improve the actuation performance.

The electrokinetic force depends on the magnitude and rate of change in the applied
electric field. COMSOL Multiphysics simulated the propagation of the electric field.
The largest electrokinetic force was associated with geometries with a sharper
change in the electrode gap distance and a higher electrode density per unit area.
Furthermore, the RC circuit network analysis investigated the critical frequency
response and estimated the maximum electrostatic energy and maximum
electrostatic force. The RC network model presented in this chapter can also include
dissipative energy due to changes in the liquid properties at higher frequencies.
However, including multiple parallel VIDEs in the theoretical model can

significantly improve the accuracy of the calculations.

The electrostatic energy and force were shown to be strongly peaked when the
droplet interface was located near the edge of electrodes (Dmin). The analysis also
demonstrated that the frequency response changes depending on the droplet position.
Therefore, the droplet is always moving towards the region with the highest
electrokinetic response. This effect is also coupled with rapid changes in the electric

field penetration to produce a continuous droplet motion.

A new experimental approach investigated the applied electric forces by considering
a frictionless macro-size droplet situated on a tilted substrate. There were two forces
that acted on the droplet, a driving electric force that moves the droplet, and a
resisting force of surface adhesion acting against the droplet movement. The
experimental approach investigated the effect of signal frequency and applied

voltage on the actuation performance. Furthermore, the frequency-dependent
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analysis confirmed the optimum operating conditions and estimated the critical

signal frequency for different geometries (ranging between 500 Hz to 5 kHz).

In summary, there was no universal optimum design for any application. For
example, a longer electrode provides droplet actuation at a longer distance. However,
the actuation performance is better for shorter electrodes, but they usually require an
electrode switching method for larger devices, which can increase the costs and

system complexity.
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Chapter 6
Large-Scale Droplet Actuation

This chapter examined the scalability of the proposed droplet actuation methods.
Large-scale droplet manipulation is critical in microfluidics and surface cleaning
applications. However, the large-scale operation is also accompanied by various
limitations, such as a greater complexity and higher costs. This is primarily
associated with the large-scale fabrication methods, signal management, and control
system complexity. Multiplexing is an effective solution where a selected set of
electrodes are activated simultaneously.?!® It is predominantly suitable for
applications where the droplets are transported instantaneously. Nevertheless, the

droplet actuation remains limited by the fixed volume of the droplets.

We tested various large-scale platforms (several inches) based on the IDEs and
VIDEs electrode configuration. Moreover, the droplet actuation in our designs were
independent of the droplet size or position. This chapter presents an electrode
switching method suitable for a large-scale device based on the IDEs design. The
iterative switching mechanism combines microelectrodes to actuate larger droplets.
There is also a proposed signal management technique for the VIDESs to reduce the
device complexity and costs. Additionally, there are four electrode configurations
based on the large-scale VIDEs, demonstrating linear, bilateral-symmetric, and
multi-symmetric droplet motion. Lastly, we recommend a new electrode design
combining VIDEs and IDEs into a single large-scale device. Note that the electrode

dimensions are also shown in the Appendices.
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6.1

Iterative switching of the IDEs

The actuation of droplets with varying volume is essential for a self-cleaning
platform, particularly in an automotive application. The manipulation of discrete
droplets has been validated in the literature for a droplet sensing method within a
feedback control loop; for instance, vision systems, fluorescence spectroscopy,
capacitive sensing, and impedance measurements have all been demonstrated.?!”-22

Nevertheless, they are not feasible for a large-scale cleaning platform due to high

costs, limited design parameters, and device complexity.

There is also a connection between the electrode size and droplet volume. For
instance, smaller droplets can be actuated using electrodes with a small surface area,
and likewise, larger droplets require a proportionally larger electrode pad. This is
less problematic if the active surface area is small and the electrodes are activated
one at a time. However, this is not appropriate in an application with micro-sized
IDEs with a large active area. Furthermore, other actuation methods are similarly
suitable in a cleaning platform, such as a scrubbing like motion, which is also absent

in the linear droplet actuation.

Microscale electrodes can be iteratively combined to effectively realise larger arrays,
therefore, actuating droplets with varying volumes. An iterative fractal approach
produced droplet actuation without a feedback control system. The logic matrix of
the switching patterns is shown in Figure 53. The iterative fractal steps are based on
the process of recursion, and they simplify the actuation process. This is primarily
because the actuation is independent of the droplet size and position. Additionally,
the concept is scalable as the iterative algorithm can be applied to any number of

electrodes.

The Fibonacci series (shown in Figure 53) provides a wide range of operations. The
Fibonacci sequence is a series in which each number is the sum of the previous two
numbers, and the number at a specific position in the series can be obtained using a

recursive method. It is particularly relevant when the actuated droplets join up
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together during the operation. The size of the droplets should always be slightly
larger than the electrode surface area. For example, after the third cycle, when using
three combined IDEs, the next cycle should activate at least five IDEs to actuate any
newly formed droplets. However, the actuation process is also dependent on other
factors such as the electrode activation time, delay time between the steps, signal

frequency, and operating voltage.
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Figure 53 The iterative algorithm to transport different droplet volumes. The
iteration cycles for 14 IDEs are illustrated here. The activated electrodes (1) and
deactivated electrodes (0) are presented in a matrix format. The cycles are repeated
three times to ensure a complete transition. This concept can be applied to any
number of electrodes on a large surface.

Figure 54 A - H verified the iterative switching actuation mechanism to control
multiple droplets with different volumes. The iteration time between activating each
electrode pad was fixed to a value higher than the spreading time of a single droplet.
This was 100 ms in our system with an additional delay cycle (100 ms). The droplet
actuation was carried out on a surface with lubricant treatment, and the operating

voltage was 85 V with a signal frequency of 40 kHz.
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Figure 54 Actuation of multiple droplets using an iterative switching approach.
(A - H) The actuation of three DI water droplets with different volumes (2.5 pl,
4 ul, and 9 pl) using the iterative algorithm. The actuation is carried out on a thin
lubricant layer and the operating voltage is 85 V at 40 kHz. (I) The switching
algorithm commands. The code repeats itself every three IDEs and it is
applicable to any number of IDEs on a larger device.

The actuation characteristic is directed towards a cleaning application, and it
resembles a scrubbing like motion while eventually moving the droplets in one
direction for disposal. The repetitive nature of this technique is ideal for a large
surface, and it is also immune to the disruptive introduction of new droplets, i.e., in
the case of rainfall. The initial steps in the iterative actuation use individual IDEs to
move smaller droplets. However, after 1.5 seconds, the newly formed larger droplet

covers a surface area of more than three electrodes (see Figure 54 C), and therefore,
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the actuation towards the left side of the device is delayed until a full set of iterations

is completed.

The actuation of a droplet moving from one electrode to another is only possible
when it 1S over an area that is due to be active, or else, it will move back to the
previous position for the next set of iterations. Moreover, depending on the
application, the back-and-forth motion may be desirable as it can remove
contaminants from the surface. Otherwise, a direct linear actuation, which avoids the
back and forth motion, can be realised using a longer activation time or a higher

electrode resolution (i.e., smaller electrodes).

Figure 55 shows a large-scale device based on 72 IDEs (each 1 mm by 64 mm)
fabricated on a 5-inch glass substrate. The large-scale device was based on an
electrode design with a gap distance of 20 um, and as a result, the device was
susceptible to fabrication defects. Therefore, the fabrication process was outsourced

to an external partner (Micro Lithography).

Note that this is a major disadvantage when compared to a large-scale device based
on the VIDEs configuration. The probability of a device failure from a fabrication
defect is lower for VIDEs because the electrode gaps are larger (several hundred
micrometres). Moreover, the fabrication cost of the IDEs device shown in Figure 55
was approximately £500, whereas a large-scale VIDEs device was approximately
£25. Note that the cost estimations may vary significantly when fabricating the

devices in larger quantities using industrial fabrication techniques.
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Figure 55 Top view image of a large-scale device with 72 electrodes (IDEs)
fabricated on a five inch glass substrate. The device is coated with an SU-8
insulating layer and functionalised with SAM OTS for better hydrophobicity.

6.2 Large-scale platforms based on VIDESs

This section evaluates the scalability of the VIDEs for various large-scale devices
(up to a few inches). The droplet actuation based on the VIDEs is versatile and
reliable. The droplet manipulation is uniquely beneficial for automotive applications
without a control system, where the droplet movement is independent of its size or
position. The large-scale devices presented in this section have several cleaning

applications, for example, to clean side door mirrors and headlights.

123 |Page



The droplet actuation was carried out on a lubricant treated surface to reduce the
applied voltages (less than 100 V), and the testing liquid was DI water. Figure 56
shows two electrode designs based on the bilateral-symmetrical (see Figure 56 A)
and linear droplet motion (see Figure 56 B). The primary focus was to demonstrate
the droplet actuation behaviour and not the performance, i.e., droplet actuation speed.
Therefore, higher actuation speeds and other refinements (such as a thicker insulating

layer for mechanical protection) are feasible using higher voltages.

A)| B)|

F — . >

Figure 56 Electrode design for a large-scale droplet actuation without a control
system. (A) The electrode design for a bilateral-symmetrical droplet motion with
two signal contacts and a common ground. (B) The electrode design for a linear
droplet motion with one signal contact and ground terminal. Terminal (0) is a
ground signal, and terminal (1) and (2) are voltage sources.

Figure 57 shows the bilateral-symmetrical droplet motion on a 3-inch glass substrate
(active area of 20 cm?), to demonstrate the VIDEs scalability. The electrode design
is suitable for applications where gravity is less important, e.g., on flat surfaces. This

is particularly important for larger droplets when they are on a tilted surface.

The bilateral-symmetric droplet motion splits the active area into two sections. Thus,
allowing faster droplet motion in opposite direction. However, assuming that no new
droplets are introduced (i.e., rainfall), the opposing electric forces in the centre of the

device (between the two VIDEs) could generate a lag in the actuation process that
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prevents any droplet motion. A practical solution is a basic switch mechanism to

cycle between the two electrodes to eliminate the opposing forces in the centre of the

device (i.e., ON-OFF, OFF-ON, ON-OFF ...).

I

‘--
—

Figure 57 Bilateral-symmetrical droplet motion based on the design shown in Figure
56 A with an oil lubricant layer using 90 V at 0.5 kHz. (A) The droplets positioned on
random location on the VIDE. (B) The droplets are actuated across the VIDE when
applying the voltage. The spontaneous droplet motion is a critical operation that is
uniquely advantageous for a large-scale cleaning platform.

Figure 58 shows the linear droplet motion on a 3-inch glass substrate to demonstrate
the scalability of the VIDEs using only one electrode configuration. The actuation
path is marked by a dotted yellow line with an arrow. Note that the active surface
area of the device was 20 cm?, but only a section of the device is shown here for

better visual clarity.

The electrode design presented in Figure 58 is suitable when it is coupled with
another assisting factor, such as, gravity, vibration, and wind. Moreover, the droplet
motion without any lubricant treatment is possible using higher voltages to
compensate for a surface with lower hydrophobicity. This is particularly important
in the automotive application where hydrophobic coated surfaces tend to degrade

over time.
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Figure 58 Experimental results showing the large-scale linear droplet motion based
on the design shown in Figure 56 B. The applied voltage was 90 V at 0.5 kHz. New
droplets are introduced to demonstrate a continuous operation. Note that the image
is zoomed-in. The direction of actuation is highlighted with an arrow and the
actuated path is shown with a dotted line.

The droplet actuation on a large-scale platform with several electrodes (VIDEs)
require a multi-layer fabrication technique with additional complications,
particularly signal management. The embedded signal patterns can be considered a
hardwire multiplexing technique, in which the electrodes are split into three groups
of electrode pairs with three signal voltage sources and a common ground
(see Figure 59). The VIDEs are arranged along the longitudinal axis, such that no
two adjacent pairs are from a single one of the three series. In the embodiment shown
in Figure 59, the order of a series of adjacent pairs along the longitudinal axis is:
[C,B, A,C,B, A, C...]. This arrangement is not suitable for the IDEs configuration
when the droplet volume is not constant. Furthermore, a large number of electrodes

with a longer electrode path will introduce a rise in the electrical resistance.
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Figure 59 An arrangement of interlinked flow signals between three VIDEs.
The electrode concept is similar to a labyrinth of three spiral patterns. This
concept will allow the control of any number of electrodes on a large surface
using only three signals. This approach requires only a single layer
photolithography process.

Sequentially activating the electrodes produces a droplet motion along the
longitudinal axis (e.g., C, B, A, C ...). The arrangement utilises only four terminals
(including a common ground, GND) for three independently controllable series, thus
removing the design requirement to fabricate many electrical contact points. Such an
arrangement eliminate the requirement for wire bonding and other costly or time-

consuming electrical connection techniques.

Combining VIDEs using the embedded signal patterns enabled simple manipulation
of parallel droplets on a large-scale without any dependence on the droplet size or
position. Only three signal contacts are needed to operate a large platform with
multiple VIDEs. Two electrode designs are suggested here (see Figure 60) to

demonstrate the linear and radial-symmetric droplet motion.

The linear droplet motion (see Figure 60 A) makes use of an array of shorter VIDEs
to move droplets. The analysis of different VIDEs in the previous chapters validated
a higher performance for shorter electrodes. The linear design is suitable for a large-

scale cleaning platform where linear droplet motion is appropriate, such as on a tilted
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surface assisted by gravity or wind. Note that even more electrodes can be fabricated

for a larger device, demonstrating the device scalability.

The radial-symmetric droplet motion (see Figure 60 B) is carried out on a sun-flower
VIDEs design. The length of the electrodes rises (using the Fibonacci sequence)
away from the centre of the device (L = 1 mm, 2 mm, 3 mm, 5 mm, etc.). The
electrode design is suitable for cleaning electronic sensors on flat or inverted surfaces
where gravity is less significant. Lastly, the electrode designs (radial-symmetric and
linear) are separated by an overlapping area intended to enable a smooth droplet

transition between the electrode pads (see Figure 60 C).

A) B)

B/l

I l
I
N

UL

Hlim

Figure 60 The proposed electrode designs based on the embedded signal patterns
shown in the Figure 59. (A) The large scale linear droplet motion using seven VIDEs.
The fabrication of additional VIDEs are still feasible for a larger device. (B) The
radial-symmetric droplet motion. (C) The two VIDEs are separated by an overlap
area to aid the smooth droplet transition between the electrode pads. The terminal (0)
is a ground signal, and terminal (1, 2, and 3) are voltage sources.
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Figure 61 shows the experimental results for a large-scale linear droplet motion using
seven VIDEs (5 mm in length). The sequential activation of electrodes was similar
to the operation of a device with several standard IDEs. However, since the VIDEs
length was 5 mm, the actuation was not limited by the droplet size or position. The
testing verified that the actuation of two droplets with different volumes (6 uL and
9 uL), using a 75 V sine-wave AC signal with a frequency of 0.5 kHz. Additionally,
the experimental results showed that the sequential activation of the VIDEs is

scalable without any signal management issues.

(B)

Figure 61 The experimental results showing the top view of DI water droplets moving
on a surface. The linear droplet motion is based on design shown in Figure 59 A. The
operating voltage was set as 75 V RMS (0.5 kHz).

Figure 62 shows the radial-symmetric droplet motion using the design shown in
Figure 60 B. The droplet motion was validated by introducing random water droplets
on the surface with different volumes so that the device moves them to the outer
regions for disposal. The applied signal was set to 90 V, with a signal frequency of
0.5 kHz. The signals were connected to the electrodes using the interlinked

embedded signals.
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The surface area of blank gaps in this design increases in the outward direction. The
droplets in the inner regions are continuously transported to the outer areas to form
larger droplets, eliminating the impact of large gaps in the outer areas of the device.
Moreover, the primary use of this device is aimed towards applications where gravity

is less dominant, i.e., flat surfaces, typically found in electronic sensors.

Furthermore, reversing the position of the Dmax and Dmin across the VIDEs changes
the direction of the actuation. Thus, some microfluidic applications can also benefit
from the VIDEs electrode design to collect or continuously transport droplets on a

large surface for further chemical or biological analysis.

Figure 62 The experimental results showing the top view of water droplets on the
device during operation. The radial-symmetric droplet motion based on the electrode
design shown in Figure 60 B. The operating voltage was set as 90 V RMS (0.5 kHz).
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Alternatively, the VIDEs and IDEs can be combined into a large-scale device
(several inches), as depicted in Figure 63 for a hypothetical device for future studies.
Furthermore, the electrodes can be selectively activated to avoid actuation lags
between the VIDEs and IDEs. The electrode design shown in Figure 63 shows that
the VIDEs could move and combine smaller droplets into larger ones. Then, the
larger droplets can be rapidly transported across the surface in a direction using the
IDEs. This is the only meaningful method to actuate large volumes of droplets with

different volumes on a large-scale device, i.¢., to be fabricated on the car windscreen

or other body parts.
IDE’s VIDE’s
Droplet
Motion

-
-

VIDE’s VIDE’s

IDE’s

Figure 63 The proposed electrode design for combining VIDEs and IDEs
into a single platform for large-scale droplet actuation. Note that the
actuation direction of VIDEs is diagonal, and longitudinal for the IDEs.
However, the droplet actuation is linear and it is ideal for large-scale surface
cleaning, i.e., cleaning windscreen, door windows, and other body parts.
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6.3 Summary

The experimental results presented in this chapter verified the scalability of the
VIDEs and IDEs configurations. The large-scale device based on the IDEs produced
either a linear droplet motion or a new iterative approach where smaller electrodes
are combined to realise larger electrodes. The iterative switching method produced a
scrubbing like motion, where droplets move back and forth while moving towards a
direction for disposal. However, the behaviour can be modified by changing the
activation and delay time, size of the IDEs, voltage and signal frequency. The
introduction of the iterative switching method is a compelling and simple addition to
minimise the device complexity and reduce costs. Nevertheless, a simple linear

droplet motion (using a sequential IDEs activation) is still feasible.

The physical mechanism in electrowetting and L-DEP is different. This is notably
evident for the electrowetting actuation of conductive droplets using lower signal
frequencies. There are reported speeds of up to 70 mm s (100 V at 67 Hz) using
large electrode pads with a polished superhydrophobic surface treatment.??!
Furthermore, they consists of large electrode pads that generate a strong double layer
effect and the surfaces are not transparent. Therefore, they are incompatible with

dielectric liquids and the iterative switching approach.

This chapter introduced two categories of a large-scale platform based on the VIDEs
configuration. Firstly, two designs are proposed without a control system to produce
a linear and bilateral droplet motion. An embedded signal management technique
was also introduced to reduce the requirement for a complex control system and
minimising costs. Furthermore, this chapter presented two additional designs

focusing on the linear and multi-symmetric droplet motion using three digital signals.

Table. 3 compares the performance of VIDEs and IDEs for a surface cleaning
application. The study validates that a self-cleaning platform should be based on the
VIDEs configuration because of the design simplicity, scalability, and reliability.
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Table 3 Performance comparison between the two electric actuation methods; VIDEs and IDEs.

Comparison
Criteria

Electrode Designs

IDEs

VIDEs

Dependence
on the droplet
size

There is a connection between the
size of the electrode pad and the
droplet size. However, a digital
switching method overcomes the
operational limitation.

Droplets of any size can be actuated
along the length of the VIDEs
without a control system.

Dependence
on the droplet
position

It is only the activated electrodes that
can move droplets. Thus, the digital
switching method is proposed to
eliminate this limitation.

There were no limitations, as long as
the droplet was positioned over the
electrode pad when it was activated.

Dependence
on the liquid
properties

L-DEP actuation requires a high-
frequency signal (typically 30 kHz to
40 kHz). It is suitable for both
dielectric and conductive liquids.

A fixed low-frequency signal can
actuate a range of different liquids,
1.e., rainwater with different
properties.

Operating
voltages

The operating voltage was 100 V on
an OTS surface. The operating
voltage is reduced to as low as 30 V
using a lubricant treatment.

The operating voltage was more
than 100 V on an OTS surface. The
operating voltage is reduced to 40 V
using a lubricant treatment.

Droplet
actuation
speed

The actuation speed to spread across
an IDEs is estimated to be as high as
20 mm s, at 100 V.

The continuous droplet actuation
speed across an electrode pad was
registered to be as high as
13 mm s, at 100 V, for a 10 mm
long electrode pad.

Fabrication
complications

The electrode gaps were 20 um. The
fabrication process was sensitive to
fabrication defects.

The electrode patterns were
between 20 um to 400 pm, but only
a small section of the design is in the
20 um range. Therefore, there are
fewer critical defects from the
fabrication process (i.e., from dust
contaminants).

Scalability

There were no limitations as long as
the control system can manage the
size of the operation.

There were no limitations. Several
designs were also introduced in
Chapter 6.

Complexity of
the control
system

There was a need for a control system
to control individual electrodes
separately.

There was no need for a control
system. When it was necessary, a
simple control system was adequate,
with only three simple switches.
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Chapter 7
Applications

This chapter aims to explore several applications based on the droplet actuation
methods presented in the previous chapters. Firstly, a self-cleaning platform was
tested in the laboratory settings. The platform was also tested on the road to assess
the practicality of the technology for an automotive application. Moreover, this
chapter presents a micromirror tilting platform with optical applications. The beam
steering mechanism presented by the optical platform was also suitable for
characterising L-DEP. Lastly, a microhydraulic actuator was presented based on the
continuous droplet actuation of VIDEs to move small samples in a microfluidic

application.
Self-cleaning cover lens

The newly emerging autonomous vehicles are the future of transportation. For that
reason, there is a technological demand for a novel self-cleaning platform to replace
conventional systems. Furthermore, the reliability and effectiveness of the onboard
perception sensors in autonomous vehicles are still under evaluation. These sensors
include regular cameras and LiDAR sensors (light detection and ranging).???
LiDAR quantifies the distance between the objects by illuminating them with a laser
beam and measuring the reflected light with a sensor. Thus, keeping their surface

clean is a major engineering challenge.

Figure 64 A shows several examples where an active self-cleaning platform is
considered beneficial. A large-scale self-cleaning platforms is particularly suitable
to clean side windows, windscreen, backscreen, headlamps, and door mirrors.
Various on-board sensors have to operate in challenging environments, including

high winds, dust, dirt, rain, frost, and moisture. However, receiving signals can be
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obscured by the build-up of contaminants on the lens, resulting in the critical loss of
information. The current solutions are based on a support structure, and a platform
assembly, including a set of channels for high speed flows to keep the sensor clean
(see Figure 64 B). However, the passive solution requires refillable cleaning fluids.
Additionally, the spray nozzles can get blocked over time due to the build-up of
contaminants. Hence, they typically require regular maintenance, which can increase

the operational costs.

Figure 64 Application of the electric cleaning platform in a modern vehicle. (A)
Several examples where the cleaning platform can be applied to are: (I) front
cameras, (II) headlight lamps, (IIT) camera in the mirrors and side mirrors, (IV)
parking cameras, and (V) windscreen and sensors in the windscreen? (B) The
conventional passive cleaning system (Ficosa cleaning system) based on the jet
nozzles and a washer pump to clean cameras and sensors using cleaning fluids.®
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Our solution consists of a self-cleaning cover lens to remove a variety of liquid and
solid contaminants. The optimum design for our application is based on the VIDEs
without a control system. Depending on the position of the sensor, a linear or a multi-
symmetric electrode design is suggested. The linear system is suitable for a vertical
configuration, and the circular symmetric design is suitable for both vertical and
horizontal configurations. The cleaning platforms were tested in laboratory
conditions and on the road by connecting the cover lens to the car battery via a power

inverter, a function generator, and a signal amplifier.

Tilting micromirror

EWOD and L-DEP have several other applications, including electrowetting lens,
liquid pumps, display technologies, energy harvesting, and batteries.’> 7 223 224
Furthermore, we explore new applications based on this technology for optical and
microfluidic uses. In this chapter we considered using L-DEP to power a miniature
tilting mirror platform featuring full axis control. A reflective mirror plate was
situated on top of three water droplets, and the surface orientation was regulated by
changing the droplet’s profile using electric fields. Furthermore, the tilting platform

provided a cost-effective and accurate method to investigate L-DEP without

measuring the droplet contact angle or actuation speed.

Microhydraulic actuator

Lastly, we explored the feasibility of using droplet motion (using VIDEs) to move
small samples for microfluidic applications. The hydrophobic coated cover plate
(carrier) can be situated on top of a droplet, and then actuated using electric fields.
This is similar to the microhydraulic actuators driven by electrowetting, converting
electrical power into mechanical power to transport solid objects.!!! The continuous
and contactless transportation method has potential biological and chemical
applications to transport dangerous materials for analysis, e.g., radioactive

substances or microorganisms.
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7.1 Self-cleaning cover lens

There are several parameters to consider when designing an electric-based cleaning
platform. Firstly, the chemical and physical properties of rainwater may vary based
on the environmental factors such as air pollution, ambient temperature, and
surrounding geological formations. Developing a reliable concept was an essential
design requirement. Furthermore, the ability to remove contaminants such as dirt,

particles, mud rain, rain droplets, and ice were all considered necessary.

The primary goal was to make every design feature simple without sacrificing
performance. Although simplicity is an ever-expanding concept in engineering
design, we eventually steered towards developing a self-cleaning system. Two
electrode configurations are considered here. Firstly, a linear system with a single
VIDE of length 10 mm, and a variable electrode gap distance between 200 pm and
20 um. Secondly, a circular symmetric electrode design is suggested (see Figure 65

A, B) based on three VIDEs with different lengths.

The circular symmetric electrode design spontaneously moved several droplets with
varying volume without using a control system. The droplet actuation is always away
from the centre of the device, where the optical sensor or camera is situated. The
platform was tested in the cleanroom on a horizontal surface, and on the road by
attaching it to a car camera. The self-cleaning platform presented in this thesis is
easily integrated onto any surface, which is a critical design requirement for the

automotive industry.

Magnitude of the applied electric field was the primary driving factor in the droplet
actuation mechanism. Figure 65 C shows the COMSOL Multiphysics simulation
results that demonstrated a rapid rise of electric field intensity away from the centre
of the device. Note that the shorter VIDEs (e.g. VIDEs - 3) positioned near the edge
of the device had the largest change in the electric field. Therefore, a net electric
force continuously actuated droplets away from the centre of the device, and thus,

keeping it clean.
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Figure 65 (A) Schematic drawing of the device for the continuous circular
symmetrical droplet motion without a control system. (B) A small section of the
electrode design showing three VIDEs with different lengths (1 mm, 2 mm, and 3
mm). The electrode patterns are repeated around the centre of the device. Please
refer to the appendices for more information about the electrode geometries. (C) 2D
COMSOL Multiphysics simulation model showing the norm electric field
distribution for VIDEs with different lengths at 90 V. The graphical data shows the
change of electric field along the length of the VIDEs. The data was collected from
the plane (x), as it is shown in the subfigure by a dotted line.
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7.1.1

Laboratory testing

The initial experiments were carried out under controlled conditions to review the
actuation behaviour. The circular symmetric droplet motion was demonstrated using
90 V with a signal frequency of 0.5 kHz (see Figure 66). The testing liquid was mud-
rain, but other liquids are similarly suitable, including isopropyl alcohol and DI
water. Mud-rain contains a noticeable concentration of soil, sand, or dust particles.
The particles in the droplet are drawn to its outer edge when evaporated, and are left
behind as a ring of residue (stain).??® Therefore, actively removing the droplets is

critical to maintain the surface of a sensor/camera clean.

Figure 66 (A) Self-cleaning cover lens (10 mm x 10 mm), based on the electrode
design shown in Figure 65. (B - D) The top view images showing the circular
symmetrical droplet motion using an applied voltage of 90 V with a signal frequency
of 0.5 kHz. Note that the final position does not show an evaporated droplet.
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The cover-lens was mounted on a camera and tested using an inverted set up looking
upwards at a rainbow panel, as presented in Figure 67 A. The testing liquid was mud-
rain and the droplets were placed on top of the device using a micropipette.
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Figure 67 Test results for cleaning a camera cover lens. The black arrow shows the
direction of the droplet actuation. (A) The overview of the experimental setup with
a rainbow panel, device (VIDEs) mounted to the camera lens, and a camera. (B) A
clean cover lens, (C) adding dust to the surface, (D) adding a droplet, (E) cleaning
the cover lens, (F) adding another droplet to the surface, (G) cleaning the lens, (H)
adding an additional droplet, and (I) cleaned cover lens. (J) The cleaning process is
demonstrated using a 2D plot showing the grey colour pixel intensity across the
rainbow pattern.
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Initially, the lens was covered with standard dirt (see Figure 67 C) to obscure the
image quality and then systematically cleaned using droplets to show the
effectiveness of the self-cleaning cover lens (see Figure 67 D - I). Note that these
operations are actually simulating the same conditions expected in a practical test
outside the cleanroom. Furthermore, Figure 67 J shows the luminance across the
rainbow pattern during the cleaning process (using ImagelJ software). The scanned

regions are also highlighted with a black dotted line.

The cleaning platform can be activated with a motion sensor to save energy.
Additionally, it can remain active over long periods because of low power
consumption. The typical input current was up to 300 mA, with an applied voltage
less than 100 V. The cover lens can also be protected with a mechanical cover when
the system is inactive, preserving the hydrophobic coating. Moreover, a higher
operating voltage can always compensate for any changes in the hydrophobicity of
the OTS layer. Alternatively, the cover-lens can always be replaced with a new one,

as they are easily mounted to the camera and are relatively cheap to fabricate.

7.1.2  Testing on the road

Maintaining the surface of sensors and cameras clean is essential for automotive
applications. The testing on the road verified the effectiveness of a self-cleaning
cover-lens in a practical application with several interfering factors, such as wind, a
moving vehicle, vibrations, dirt, mud, rain, etc. Figure 68 shows the experimental
setup with a test bench which was mounted to the roof of the vehicle. The test bench
consisted of two cameras, one fitted with a self-cleaning cover lens and another with
a standard plastic cover lens. A Raspberry Pi was streaming a live video into a web
page and then recording it on a laptop via a Wi-Fi link. The signal generator and
signal amplifier was connected to the car battery via a power inverter, thus converting

the DC voltage to an AC voltage source.
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Full HD Camera

Figure 68 (A) Testing vehicle with a mounted test bench. (B) The test bench was
mounted to the roof of the vehicle with two cameras. The camera on the left (2) with a
self-cleaning cover lens (linear VIDEs), and the other camera had a plastic cover lens.

The platform was tested on a fast-moving vehicle travelling at 40+ mph on a rainy
day to evaluate the performance of the cover lens. The initial experiment focused on
the effect of wind shear forces to remove pinned droplets attached to the hydrophobic
surface (see Figure 69). Furthermore, the droplet manipulation behaviour was
substantially reduced for speeds slower than 40 mph. Note that there is also a small
diffraction grating effect with the semi-transparent electrodes. The visual effect is

easily eliminated using entirely transparent electrodes (based on ITO).

Chapter 4 demonstrated the importance of droplet size on the sliding angle. In
principle, water droplets smaller than 3 pL remain attached to the hydrophobic
surface, whereas larger droplets (e.g., 30 pL) slide down with the assistance of
gravity. Furthermore, it is expected that the threshold voltage (voltage required to
move a droplet) is lower with a rise in the inclination angle and the droplet volume.
On the other hand, electric fields can consistently move water droplets of any size on
an inclined surface when employing high voltages (100 V or more). In effect, the
applied voltage may vary depending on the testing parameters, including the vehicle

speed and precipitation rate.
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With cover lens Without cover lens

Figure 69 Testing on the road experiment with a vehicle moving at 40 mph. There are two
testing cameras, (left) one with a self-cleaning cover lens, and (right) the other one had a
standard plastic cover lens. The wind shear force of a moving vehicle prevented any droplet
sticking to the camera on the left. However, the camera on the right with a less hydrophobic
surface allowed droplets to remain attached the surface (illustrated by a green circle).

The cover lens was also tested to verify the systematic removal of rain droplets
of a slow-moving vehicle (less than 10 mph). Figure 70 shows the downward
droplet motion assisted by the VIDEs. The applied voltage was 90 V, with a signal
frequency of 0.5 kHz. The testing results verified a rapid movement of rain droplets

assisted by gravity and the electric force generated by the VIDEs.

The testing results confirmed that the obscured view becomes clear through the
systematic removal of droplets. This is particularly useful for an automotive
application to maintain sensors and cameras clean during operation. Additionally,
the proposed platform is aesthetically appealing without any mechanically moving
parts. The structural integrity of the VIDEs remained intact after several hours of

use, and the device was still functioning months after testing without a noticeable
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change in performance. Furthermore, power consumption is relatively low compared
to current technologies based on hydraulic pumps and mechanical wiper blades
(typically 200 W at 12.5 V and 16 A).?2® Moreover, our platform was simple and also
considerably cheap because the VIDEs can be fabricated in large quantities on a

flexible substrate (see section 8.2.2).

B)

A
C)-
=

Figure 70 Testing on the road with a self-cleaning cover lens. Speed of the vehicle
was 10 mph. The green arrows show the direction of actuated droplets that were
obscuring the view. The testing voltage was 90 V with a signal frequency of 0.5 kHz.
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There are a handful of reported investigations considering droplet motion and
deformation by airflow.??”??° The relationship was investigated using a controlled
airflow, and a critical velocity (13 m/s to 7 m/s) was identified that produced droplet
displacement. In effect, the externally applied electric body force reduces the critical
airflow velocity that initiates droplet displacement. Therefore, it is possible to
combine the actuation forces depending on the speed of a moving vehicle and the
surrounding wind. However, this effect is difficult to study because of the chaotic
nature of the wind streams. In principle, gravity is the dominant factor when the
vehicle is stationary or travelling at a low speed (10 mph or less), whereas the wind

shear forces are dominant at higher speeds (40 mph or more).

7.1.3 Surface contaminants

Rainwater is the primary liquid contaminant for a self-cleaning cover lens in an
automotive application. During a light rainfall, the intensity can be as low as
2.5 mm/hour, whereas, in a heavy rainfall, the precipitation rate can be as high as
50 mm/hour.®® The size of drops typically vary from 6 mm to 0.5 mm.?!
Furthermore, the terminal velocity of rain droplets with a diameter of 3 mm is
approximately 8 m s!. The micro-size drops found on the road consist of mud and
other solid contaminants generated by the vehicle’s unsteady aerodynamic effect

when travelling on the road.>*> As a consequence, airborne droplets typically

accumulate on the vehicle.

Rain droplets are slightly conductive, with a small concentration of interfering ions
such as sodium, potassium, calcium, chloride. Furthermore, geological factors highly
influence the concentration of interfering ions.?**> For example, the concentration
levels are higher near the seaside than over the land. There is also a low concentration
of organic compounds such as alcohols and fatty acids in some rain droplets. The

chemical composition can generally be simplified to a diluted aqueous solution. The
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variations in dissolved particles change the electrical conductivity of the solution.?**

The conductivity ranges from 10 pS cm™ to 1 mS ecm’, as reported in several
sources.?*> %3¢ In some cases, the chemical properties of rainwater can considerably
vary, such as rain dust or acidic rain.?*’ Rain dust is alkaline, also known as mud-
rain.?*® On the other hand, acidic rain has much lower pH values. They are produced
when gasses such as sulphur dioxide and nitrogen oxide react with rain droplets in

the atmosphere.

Figure 71 shows VIDEs cleaning a surface by transporting different contaminants
typically found in an automotive application, including rain, sand, standard dirt, and
mud. We verified the removal of sand and dirt contaminants with a diameter of
10 um to 1000 um using rainwater (see Figure 71 A, B). Figure 71 C shows the
removal of a suspension liquid (mud-rain). The cleaning platform was also
compatible with DI water, IPA, or rubbing alcohol. The actuation of droplets in
microfluidics has extensive applications in biological applications. VIDEs actuated
semi-skimmed milk droplets to demonstrate the flexibility of the platform
(see Figure 71 D). Semi-skimmed milk contains fat, lactic acid, proteins and some
vitamins such as A, B3, BS, and D. Other biological fluids, including blood, is also
compatible with the technology, thus expanding the application for various

biomedical devices.?*’

In principle, while a reliable technology may not affect customer satisfaction
positively, an unreliable technology will severely affect customer satisfaction. The
self-cleaning cover lens device that was tested in this chapter showed little changes
in the actuation performance. The experiments demonstrated that the performance
remained fairly stable after a long operation, as long as the operating voltages remain

below the breakdown limit.
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7.1.4

Figure 71 Summary of the test results showing the top view of various droplets
moving on a surface with oil surface treatment. (A) Rain droplet moving dirt
contaminants (700 um - 100 um), (B) rain droplet moving sand contaminants (20 pm
- 150 pm), (C) actuation of suspension of a muddy water droplet, and (D) actuation of
semi-skimmed milk droplet.

Defrosting application

Defrosters, demisters or defoggers are surface cleaning technologies found typically
on the rear window, windscreen, or side windows of a car to remove frost, ice, and
condensation build-up. The defogging process utilises the heat from the car engine
to blow fresh air through the heater core and distribute it over the interior surface of
the vehicle. The defrosters consist of resistive conductors embedded in the glass to
heat the surface at the expense of relatively high power consumption. Even though

the existing designs are well established in the automotive sector, a practical and
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novel approach is also needed to promote new technologies and improve their power

efficiency.

Dielectric heating is a major design consideration when incorporating DEP in
microfluidic systems to avoid excessive temperature changes.?**2*! The applied non-
uniform electric field displaces charged particles, giving rise to an induced dipole.
The water molecules can also act as permanent dipoles in the medium and respond
to the applied field to transfer the power from the electric field to the medium. This
dissipating power produces a bulk temperature rise, and it is also influenced by the

signal frequency, and the strength of the electric field.?'

Figure 72 shows the dielectric heating effect generated by the applied electric field
to melt an ice droplet (20 pL of DI water). IDEs with a gap distance of 20 um
generated a strong local electric field (at 100 V), to increase the bulk temperature.
The heating effect was only possible at higher voltages (100 V or more).
The ambient air temperature in the experiments was -7 °C, with a signal frequency
of 100 kHz. The electric power may be dissipated in the electrodes via ohmic heating.

Alternatively, it can also be dissipated in lossy dielectrics.

The heating platform can readily melt and remove snow and frost formations
typically found in automotive applications. The heating effect remains local to the
vicinity of the ice formation, and therefore, it is more energy-efficient than
conventional systems based on resistive heating. Additionally, the design can also
merge with a droplet actuating platform, similar to the one presented in Chapter 4
with multiple electrode pads. Therefore, providing a multi-purpose cleaning platform
that can be embedded on the rear windscreen, windscreen, side mirrors, sensors, and

cameras.
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Figure 72 Top view images showing the defrosting effect using electric fields to melt
ice. The applied voltage was 100 V with a signal frequency of 100 kHz. (A) Ice droplet
in an ambient air temperature of -7 °C, (B) activating the device for 8 seconds, (C)
semi-liquid state after 16 seconds, and (D) complete liquid state after 30 seconds. Note
that there is no surface treatment in the experiments.

The magnitude of the electric field was not the only critical parameter. The defrosting
time was also dependant on the applied signal frequency. Table 4 shows the
relationship between the defrosting time and signal frequency. The experiments
verified that the heating effect was visible only at higher signal frequencies where

L-DEP was dominant.

Testing electrodes with a gap distance larger than 20 um (at 100 V) failed to produce
adequate heating. Therefore, emphasising the importance of employing a large
electric field. Although it takes 30 seconds to melt the entire droplet, the semi-melted
droplet becomes mobile after two seconds when it is positioned on a tilted surface.
Furthermore, applying even higher electric fields can evaporate the entire droplet.

Therefore, further refinement is feasible, either by employing higher voltages or
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changing the electrode geometries. This was verified by either reducing the electrode

gap distance or using an irregular electrode geometry (see Section 8.2.0).

Table 4 Experimental results showing the defrosting time versus signal frequency. The heating effect
is only possible at higher frequencies, ideally 50 kHz to 100 kHz. Note that this is the time taken to
melt the entire droplet. However, the droplet becomes mobile after several seconds when it is situated
over an inclined surface.

Signal Frequency (kHz) Defrosting Time (seconds)
1 NA
5 160
10 120
50 30

7.1.5 LiDAR sensor

LiDAR is an optical sensor for determining range by targeting a surface with a laser
beam and measuring the time taken for the reflected beam to return back to the
receiver. LiDAR sensors can also produce digital three-dimension (3D)
representations surrounding areas. LIDAR sensors are commonly used to make high-
resolution 3D maps, with applications in geography, archaeology, geology, and
atmospheric physics.?**?* LiDAR sensors are similarly fundamental to the

perception of the vehicle surrounding in autonomous cars.?*

We tested a self-cleaning cover lens by placing it over a LIDAR sensor to produce a
3D scan of an office with furniture. The LiDAR scanner from an iPad pro was used
to take the images. Figure 73 shows the testing results in three configurations:
without a device, a transparent device with ITO electrodes, and a semi-transparent
device with aluminium electrodes. The study verified that there was no loss of
information in the LiIDAR scans when using a transparent device coated with ITO
electrodes. However, there was some loss of information when using a device with

aluminium coated electrodes. Nevertheless, the self-cleaning cover lens can be
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integrated with LiDAR sensors, which is a critical requirement for an automotive

application.

N e
i Loar
' : J Scanner

IR Emitter

Figure 73 Summary of the test results using a LiDAR sensor to scan an office with
indoor furniture. (A) When using no self-cleaning cover lens, (B) using a self-cleaning
cover lens with ITO coated electrodes, (C) employing a device with aluminium coated
electrodes, and (D) cut-out image showing the Apple iPad pro camera system with
LiDAR sensor scanners.'
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7.2 Tilting micromirror platform

Micromirror is an optical beam-steering device technology that appears in various
industries and numerous applications, including micromachining, micropositioning,
microscopy, and lithography.*!" 2*¢ Micromirrors are typically found in optical
devices,?*” 2*® tuneable lasers,>* 3D scanning using light detection and ranging
(LIDAR).® The technology is similarly extensively used in digital projection
displays and optical switches.?!:2>? They are lightweight, compact, and consequently

present an ubiquitous solution for optical beam steering.?>?

The research field has been steadily growing, and the latest developments are
focusing on high-speed affordable devices with a wide field of view. Micromirrors
exhibit distinctive characteristics, such as a wide scanning angle, fast response, and
low power consumption. Moreover, size of the electrostatic platforms are between
0.5 mm to 10 mm, with a wide range of scanning angle from 0.6° to 146°, and an

operating voltage ranging between 5 V to 250 V. %!

Micromirrors are commonly used in MEMS devices, and there are several types of
platforms with different working mechanisms, including electrothermal,
electrostatic, electromagnetic, and pneumatic.>>*>%” This chapter presents a droplet-
based micromirror platform with a three-axis tilt mechanism (see Figure 74).%%® The
surface orientation is adjusted by regulating the operating voltage or signal
frequency, and thus, modifying the droplet contact angle. A simple camera was used
to video record the beam movement on a projection screen, which also reduced the

experimental costs.

The working function of the device was based on three IDEs, situated 120° apart
from each other (see Figure 74 A). Figure 74 E shows a linear beam movement by
activating one of the signal electrodes. The position of the laser beam was accurate
with a precision of up to (= 500 pm). Furthermore, the movement of the laser beam
could exceed up to several centimetres, thus making it easy to detect using a

recording camera. The working mechanism was based on L-DEP, and the testing
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liquid was DI water. However, the actuation is similarly compatible with many more
liquids, such as oil-based solutions, tap water, liquid crystals, organic compounds,

and various solvents.

Figure 74 (A) Schematic of a device with three control electrodes (1, 2, and 3) and
a common ground (GND). (B) Class-1 laser beam. (C) The conceptual design of the
tilt mechanism with three droplets to control the surface orientation. (D) The
projection screen to monitor the laser beam position. (E) The experimental results
showing the beam steering when IDE (2) is activated.

Figure 75 A shows the device structure with three separate parts, the reflective cover
plate, L-DEP device with three separate IDEs (4 mm % 4 mm) at a phase angle of
120°, and DI water droplets. Figure 75 B shows the top view of the IDEs electrode
design with a gap distance of 20 um. The fabrication process of the L-DEP device
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was identical to the device shown in Chapter 4. However, the insulating layer was
aluminium oxide with a nominal thickness of 400 nm, deposited using atomic layer
deposition (ALD) technique. Aluminium oxide was chosen because of its superb
dielectric properties while also providing good chemical and mechanical protection.

Figure 75 C shows the side view image of the device during operation.

A) B)
Aluminium

Mica 40 um

Cyanoacrylate
Fabric Structure

Cover Plate

oTS

Droplet
oTS

Aluminium Oxide

Device

t t

(Aluminium) (Glass)

Figure 75 (A) Device structure with four main layers: glass, aluminium, SU-8, and
OTS. The mirror plate consisted of an aluminium layer on a Mica substrate. Mica was
attached to a fabric structure functionalised with SAM OTS using cyanoacrylate
(adhesive material). (B) The side view image of a device (10 mm x 10 mm) during
testing. (C) Superhydrophobic surface with contact angles exceeding 160°.
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The base substrate (15 mm x 15mm) for the fabrication of the reflective cover plate
was Mica with a nominal thickness of 0.1 mm. Mica sheets have many unique
properties including, excellent dielectric properties, chemically stable, lightweight,
optically reflective, flexible, and resilient. The sheets can be split into very thin layer,
typically between 25 um and 125 um. Mica sheets are principally used in the
electronic industry, for example, as an electrical insulator in electronic equipment.?>
Mica is also used in the production of ultra-flat/thin-film imaging substrates with

applications in atomic force microscopy.?¢ 26!

The samples were cut out in triangular or rectangular shapes, cleaned thoroughly
with IPA, and dried with nitrogen gas. Subsequently, an aluminium layer with a
thickness of 70 nm was deposited using the E-beam evaporator to act as a reflective
top layer. The untreated mica substrate has a high surface energy with a low contact
angle with water (hydrophilic). The beam steering range and resolution can be
readily improved using a substrate with a higher contact angle to minimise the

droplet compression effect.

SAM OTS was coated on a fabric structure (cleanroom wipes) to provide a
lightweight and superhydrophobic reflective layer. A similar surface treatment was
demonstrated for developing humidity-resistant fabric coating using SAM OTS for
wearable triboelectric energy harvesting.?> The texture and roughness (fibres

networking on the surface) enabled contact angels in excess of 160 ° (Figure 76 A).

Figure 76 B - D shows SEM images with different magnification at 5.0 kV using
Carl Zeiss Sigma VP 300 FEG-SEM. The samples were sputter coated with 20 nm
of gold prior to SEM observations. The observed material consists of 45% polyester
and 55% cellulose, with an entangled fabric structure (micro-scale), and a basis
weight of 67 g/m?. Figure 76 B shows a broad overview of the surface when it is
treated with SAM OTS. Figure 76 C and D, show SEM images comparing the fabric
features before and after the SAM OTS surface treatment, respectively. Note that the
fibres are slightly swollen after the SAM OTS surface treatment. The changes in the

fabric structure was because of the evaporating solvent. Moreover, SAM OTS was
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in the nano-scale, and the thickness of the layer was dwarfed by the fabric size, which

was in the micro-scale.

A) 1mm  CA=160°

Figure 76 (A) Superhydrophobic surface with a contact angle exceeding 160°. (B)
SEM image (Mag 100 x) showing the micro-scale entangled fabric structures. (C) The
fabric structure without SAM OTS treatment (Mag 1000 x). (D) The fabric structure
with SAM OTS surface treatment (Mag 1000 x).

The micro-scale surface roughness (fibres networking on the surface) was the
primary factor that explained the superhydrophobicity.’®® The droplet on a
superhydrophobic surface rests on a patchwork of air and solid interface, and the low
surface energy prevents the liquid interface from penetrating within the roughness,

thus, producing a high contact angle (Cassie-Baxter model).
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The experiments were carried out on an optical table, and a recording camera
measured the changes in the position of the laser beam. Figure 77 shows the main
experimental parameters. Initially, the laser beam was aligned to the centre of the
mirror plate at an incident angle of 45°. Since the angle of incident I was constant,
the angle of defection 6, in addition to the longitudinal deflection distance of the
mirror plate §, can be calculated by measuring the total distance the laser beam moves
on the projection screen Xo. Additionally, the side view image of the device during

testing can also validate the optical measurements.

Figure 77 Schematic drawing showing the constant angle of incident I, and two
angles of reflection for when the device is off and on R and R’, respectively. N
and N’ are the normal angles for when the device is off and on, respectively. The
angle of deflection 0 is also shown here. X; is the distances away from ground.
X is the distance the laser beam moves on the observation panel. The schematic
also shows the inner triangles formed when the position of the laser beam is
changed, with two important angles of Ty and T».
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The calculations for 6 and & are shown here, where (X; = 0.89 m), and
(L=0.97 m).

T =tan’'(L / (X1 + X2)) (27)
T =180 - tan” (L / X1) (28)
0=180—(T;+T») (29)
§=10.015 (tan(6/2) (30)

Another application for the micromirror platform was studying L-DEP without
measuring the droplet contact angle. Other characterising methods include contact
angle measurements and a rise of liquid height between parallel plates
(see Chapter 2). Figure 78 A shows the optical angle of deflection and deflection
distance versus the drive voltage (up to 100 V) for a fixed signal frequency of
30 kHz. The experimental results verified that the actuation performance rises
nonlinearly with the applied voltage. The dielectrophoretic force was dependent on
the strength of electric field, and thus a larger applied voltage generates greater

forces.

The voltage breakdown limit was the only limiting factor to generate higher forces,
which also emphasised the need to use a good quality insulating layer. Furthermore,
the alumina layer deposited using the ALD technique produced a superior dielectric
layer with a long-lasting performance at high voltages (up to 100 V or more).
However, the ALD deposition technique is expensive and time-consuming, with a

limited application outside of the research laboratories.

Every liquid (e.g., propylene carbonate, water, and ethylene glycol) exhibits a
distinctive frequency-dependent response. Figure 78 B shows the frequency-
dependent testing results. The angular manipulation of the laser beam was carried
out using a sine-wave AC signal with a frequency range between 100 Hz to 2 MHz

for a fixed applied voltage of 65 V. Furthermore, the results confirmed that the
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optimum performance was between 20 kHz and 30 kHz. However, the actuation
performance diminishes rapidly at higher frequencies (more than 500 kHz). Note that
any variation in the electrical conductivity of the liquid can significantly shift the

critical signal frequency.'®
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Figure 78 Experimental measurements using the micromirror platform. (A)
The voltage-dependent study showing the L-DEP characteristics at a fixed
signal frequency of 30 kHz. (B) Investigating the frequency-dependent L-DEP
behaviour (100 Hz to 2 MHz) for a fixed applied voltage of 65 V. The inset is
showing a zoom in of the peak region.
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The tilting platform enabled angular coverage up to 0.9° (+ 0.02°), with a maximum
displacement of 120 pum. These values can be readily improved with a
superhydrophobic coating on both the reflective cover plate and the device or using
a higher applied voltage. Furthermore, the actuation resolution can be improved

using smaller increments of applied voltage and signal frequency.

L-DEP is strongly dependent on the signal frequency, and the bulk effect is dominant
when the applied frequency was more than 10 kHz and rapidly diminishes after
500 kHz. This is contrary to EWOD, which is dominant in the lower signal frequency
spectrum (typically between 50 Hz and 1 kHz).?%* In EWOD-based platforms, large
electrode pads (several millimetres) produces an electric double-layer effect, and
thus, they are only compatible with conductive liquids.?®> L-DEP actuation was the
dominant mechanism in our study because the electrode gap distance was 20 pum,

generating a strong local non-uniform electric field.

The frequency-dependent analysis using the tilt platform also correlates with
previous L-DEP studies using Pellat’s experiments and contact angle measurements.
Our data similarly confirms the theoretical and experimental approach that DI water
experiences a DEP effect when the signal frequency is at least 10 kHz or more.!'”
The thickness of the dielectric layer can also change the critical frequency. Previous
investigations showed that the critical frequency could decrease from 60 kHz to

10 kHz when a dielectric thickness changes from 10 pm to 2 pm, respectively.*

The tilting platform has several advantages when compared to the conventional

1 or Pellat’s experiment.*® Primarily, it is simple to

contact angle measurements,
operate and has no requirement for a contact angle goniometer, which reduces the
experimental costs. The collected data using a simple camera is equivalent to the
contact angle measurements. Moreover, replacing the observable panel with a photo-

diode would also significantly increase the resolution of the measurements.

Figure 79 shows the dynamic performance of the angle of deflection as a function of

the switching frequency (modulated square-wave signal). Figure 79 A shows the
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dynamic performance for two modulated signal frequencies (10 Hz and 0.5 Hz), with

a fixed sine-wave carrier signal of 20 kHz.

The droplet actuation behaviour on a typical IDEs exhibits a small degree of
hysteresis,?% related to the swapping from the advancing to receding contact angles.
This effect was only detected in the first activation cycle (OFF-ON-OFF), as depicted
in Figure 79 A with dotted lines. This will translate into inaccuracies (+ 0.01°) in the
position of the mirror. Therefore, this can be neglected in applications where there is
a large variation in the angle of deflection. Additionally, regulating the applied
voltage and signal frequency may reduce this hysteresis in the initial switching cycles

at the expense of a more complex control system.

Figure 79 B shows the range in the angle of deflection (between ON and OFF state)
with a fixed signal frequency of 20 kHz at various modulated signal frequencies
between 0.5 Hz and 500 Hz. Previously, the hydrodynamic response was verified
using a high-speed camera with a high-magnification lens.?¢” Furthermore, the
droplet spreading speed was approximately 33.3 mm s™! and 5.8 mm s when the
device was turned ON and OFF, respectively. This is similar to the measured
experimental data using a contact angle goniometer, which was also reported

elsewhere.?®’

The droplet spreading time is critical when selecting an appropriate activation time
for switching electrodes in a droplet actuating platform. Additionally, it is an
important factor to consider for a beam steering application. The droplet spreading
time was approximately 30 ms and 170 ms when the device was turned ON and OFF,
respectively. Therefore, a modulated signal with a frequency larger than 2 Hz
exceeds the hydrodynamic response of the droplet, as verified in Figure 79 B.
Therefore, various factors influencing the hydrodynamic response should be
considered depending on the application. Several examples are droplet volume,

liquid viscosity, and temperature.?6%-2"
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Figure 79 Testing results showing the optical angle of deflection with a
fixed signal frequency of 10 kHz at different modulated signal frequencies
(0.5 Hz to 500 Hz). Note that a modulated signal frequency greater than
2 Hz exceeds the hydrodynamic response of the droplet. Therefore, the
laser beam fails to recover back to the original position.

The movement of the laser beam is critical in some optical MEMS applications.?’!
Figure 80 shows the optical beam steering to create a triangular shape via switching
between the three IDEs. The operating voltage was 70 V with a signal frequency of
10 kHz. The position of the laser beam can be precisely controlled by regulating the

applied voltage or signal frequency. Furthermore, it is possible to generate other
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geometries (circles, polygons, quadrilaterals) by sequentially combining the IDEs.
For example, activating the IDEs 1-2, then IDEs 2, then IDEs 2-3, and so on, to

generate a hexagonal shape.

IDE's-1=0N

_- IDE's-1=0FF

Figure 80 The beam steering operation using the micromirror platform with
a three-axis tilt mechanism. (A) Schematic showing the platform during
operation. (B - E) The laser beam steering operation to generate a triangular
pattern. Note that the switching of the IDEs can be regulated to produce
complex geometries such as hexagons and circles.
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Any future study on this topic should also consider controlling the laser beam
position using a feedback control system. In principle, accurattions are feasible down
to the micro-scale, enabling various optical applications, such as lithography. The
main objective of this study was to understand the effect of signal frequency and
applied voltage to improve the performance. However, further analysis is needed to
commercialise the tilting platform. Primarily, a temperature-dependent study is
required to study the effect of droplet evaporation in different ambient conditions.
Although the testing liquid was DI water, other dielectric liquids with a different
evaporation rate are similarly compatible, such as oil-based solutions, propylene

carbonate, ethylene glycol.

7.3 Electric microhydraulic actuator

Although the focus of this thesis was to study EWOD and L-DEP for a cleaning
application, the technology is also applicable in other fields.!!" !> The
microhydraulic actuator presented here was based on electrowetting using the VIDEs
configuration (see Figure 81). The actuator works by placing a cover plate on top of
a droplet to create a moving platform structure to transport solid contaminants along
the length of the electrode. There are several reported droplet-based moving
platforms using electrowetting.!'!> 272 273 However, their operation is entirely

different, and they typically lack the continuous droplet motion.

The actuation method opens new possibilities for positioning and manipulating
particles and components. These could be hazardous medical materials or even
radioactive substances, where direct contact should be avoided. Compared to similar
mechanical platforms, the electrowetting-based design offers a unique combination
of low-cost, low-voltage, and scalability, not easily achievable on the microscale.
Furthermore, the actuator has no moving parts, and the disposable cover plate is ideal

for one-time use applications.
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The testing results are demonstrated in Figure 81, transporting two cover plates along
the length of the electrode pad. These include a polyvinyl chloride plate, which is a
biocompatible material that is also used for electrical insulation
(see Figure 81 B - D), and a superhydrophobic filter paper similar to the concept
shown in section 7.2 (see Figure 81 E - G).

Contaminants

otion

B) C) D)

Figure 81 (A) Schematic model showing VIDEs functioning as a
microhydraulic actuator to transport solid contaminants along the length of the
electrode pad. Transporting solid contaminants has several microfluidic
applications. (B - G) Testing results showing a droplet with a cover plate
moving along the length of the electrode pad. (B - D) Polyvinyl chloride plate,
and (E - G) a superhydrophobic cleanroom paper.
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The primary limitation of the actuator was that only small samples (in the micro-
scale) can be transported as the heavy samples would make the platform imbalanced.
Even though the actuation was only demonstrated on a single electrode, the operation
still remains practical using multiple electrode pads on a larger scale or using
multiple droplets to transport a larger cover plate (i.e., four droplets to carry a larger
pad), as illustrated in Figure 82. Furthermore, the 2D actuation of droplets using the
VIDEs would be beneficial. For instance, a bidirectional actuation is feasible, having

two sets of electrode patterns with an opposite variation of gap distance.

Cover Plate

VIDEs Pads

Figure 82 Schematic model for a conceptual device with multiple VIDEs
functioning as a microhydraulic actuator to transport a large cover plate. A
larger platform enables better stability as well as the transportation of heavier
contaminants. An arrow shows the actuation direction of the cover plate.

7.4 Summary

This chapter explored different applications based on the electric manipulation of
droplets using EWOD and L-DEP. The primary focus of the study was to investigate
the performance of a self-cleaning cover lens based on the VIDEs design

configuration. The cleaning platform was tested on the road by connecting it to the
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car battery. The performance was also evaluated in laboratory conditions. The
testings verified that the actuation mechanism was effective under several operating
conditions, maintaining a good visibility during rainfall. The cleaning platform
effectively actuated a range of contaminants typically found on the road including,

sand, dust, mud and rain.

The self-cleaning cover lens remained functional after long period of use (several
weeks). Moreover, fabricating the device using a flexible substrate enabales large-
scale manufacturing and low fabrication costs. The flexible substrates would enable
device assembly on curved surfaces, which is an essential requirement for

automotive applications (see section 8.2).

Additionally, we verified the defrosting and melting of ice droplets using electric
fields. The defroster platform can also actuate droplets using multiple IDEs pads.
Therefore, providing a multi-purpose cleaning platform with various functions. The
device melted frost and ice layers in several seconds. The operation was energy-
efficient, consuming far less power than the current systems based on resistive

heating technology.

In this chapter, we presented a tilting micromirror platform with optical applications
based on the L-DEP principle. The beam steering mechanism was also an alternative
method to study L-DEP. The experimental results were similar and comparable to
studies using parallel plate electrodes or a contact angle goniometer. The droplet
manipulation produced a three-axis tilt mechanism via modifying the operating
voltage or the signal frequency. The platform was simple and easy to set up, using
low operating voltage (65 V or less), with a wide angle of deflection angle (up to 1°),

and a high response (as low as 30 ms).

There is also a similar reported study of a tilting stage platform using a sandwich
EWOD configuration.’’* There are several fundamental differences between an
EWOD and L-DEP actuating platforms. Primarily, the electrode design is planar in

L-DEP, meaning that the ground and signal electrodes are positioned on the same
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plane. Therefore, the electrode configuration enables simple modifications to
improve the performance. For instance, using a superhydrophobic fabric layer on the
reflective cover plate to minimise the droplet compression effect. Furthermore, lower
voltages are feasible by scaling down the electrode dimensions to the micron scale
with a thinner insulating layer. Moreover, dielectrophoresis is compatible with
dielectric liquids. Therefore, the testing liquid can be oil-based solutions, organic
compounds, and liquid crystals with a lower evaporation rate. Lastly, we evaluated
the device performance using a beam-steering method, using minimum video

processing and low experimental setup costs.

Operating the micromirror platform without a solid-solid contact overcomes the
stiction limitation of the moving parts. The developments can also assist researchers
in designing new actuating platforms based on the L-DEP principle. A notable
configuration is an array of micromirrors, opening new avenues for developing

digital micromirror devices and optical switches in next-generation sensor networks.

This chapter also introduced an electrowetting-based microhydraulic actuator using
VIDEs for transporting solid samples. The cover plate transported solid contaminants
along the length of the VIDEs. The contactless motion of the cover plate has several

applications to move hazardous materials.
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Chapter 8
Conclusion & Future Work

8.1 Summary of the findings

The primary focus of this thesis was to develop a self-cleaning platform for an
automotive application, with a significant emphasis on scalability and design
simplicity. L-DEP and EWOD were investigated through several methods by
employing different electrode configurations. The voltage and frequency dependence
of the actuation methods were studied using various techniques. They include contact
angle measurements, droplet actuation speed, droplet elongation, and beam steering
method using a tilting platform. Moreover, the droplet actuation force was also
investigated using a frictionless tilting platform. The experiments provided adequate
results to select various optimum operating conditions, such as signal frequency,

operating voltage, and optimum electrode geometry.

An electronic control system with a relay module was developed to switch high
voltages. The main advantages of the controller unit were hardware customisability,
low costs, and accessibility. The modular design enabled large-scale experiments,
and the electronic system was controlled using a single microcontroller unit.
Additionally, the electronic design allowed the control of individual relay module
boards using separate BNC connections. Thus, it provided up to four signal outputs

from separate high voltage signal amplifiers.

The initial design adaptation was based on the IDEs configuration. IDEs are reliable

and commonly used in various dielectrowetting studies. However, we introduced

169 |Page



several design changes to improve it for a cleaning application. An iterative
switching method was developed by combining microscale electrodes to realise
larger arrays for actuating droplets with different volumes. Moreover, fabricating
IDEs with a smaller gap distance (20 um) and a thinner insulating and hydrophobic
layer (less than a micrometre) lowered the operating voltages to 100 V from several
hundred volts in previous studies.!*? Furthermore, the operating voltages were further
reduced by introducing a lubricant layer (as low as 30 V). Additionally, a large-scale

device based on the IDEs (5 inches) was also presented with an active area of 60 cm?.

Interdigitated electrodes with a variable gap distance produced a continuous droplet
motion. The novel approach enabled droplet manipulation with varying volumes.
Furthermore, the actuation was independent of the droplet position, thus eliminating
the requirement for a control system. Additionally, multiple large-scale devices
(3 inches or more) based on the VIDEs configuration were fabricated and tested. An
embedded electrode design enabled the switching of multiple groups of electrodes
by connecting them in a spiral loop. The simple design adaptation was appropriate

for a large-scale platform and minimised costs.

A series of analytical studies based on an RC circuit network model estimated the
critical signal frequency. The equivalent RC models calculated the dielectric layer
capacitance, liquid capacitance, and liquid conductance. The maximum electrostatic
energy and force was estimated for various electrode geometries. Additionally, it was
demonstrated that the frequency response was dependent on the droplet position.
Therefore, the signal frequency response could also explain the continuous droplet
motion on the VIDEs. COMSOL Multiphysics simulated the distribution and
strength of the applied electric field for various electrode geometries. The strength
of the electric field is also related to the magnitude of the applied electric force, and

highlights the optimum design parameters.

The droplet actuation force was calculated experimentally using a frictionless surface
on a tilted platform. The experimental approach estimated the actuation force of a

droplet as a function of gravity on a slippery surface. The study verified the actuation
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behaviour as a function of signal frequency and applied voltage. The reported results
were similar to the analysis based on the droplet actuation speed shown in the
section 4.3. The experimental results were also comparable to the analytical analysis

based on the RC circuit network model.

The frequency-dependent study highlighted the optimum operating condition and
verified the critical signal frequency for various electrode geometries. The study
concluded that higher signal frequencies (5 kHz or more) generated a
dielectrophoretic response. On the other hand, it was electrowetting that dominated
the droplet spreading behaviour at lower frequencies (5 kHz or less) for conductive
liquids. Furthermore, a fixed signal frequency (500 Hz) minimised the droplet
actuation complexity, and transported various liquids, including DI water, rainwater,

mud rain, and KCl-water solutions.

In principle, IDEs with a small gap distance (20 pum) were more effective in the
L-DEP spectrum when applied at a high signal frequency (40 kHz). In contrast, the
optimum performance of the VIDEs was dominated by the electrowetting
mechanism, typically employed at less than 5 kHz. Additionally, applying a higher
voltage generated a proportionally stronger electric field to maximise the applied

forces in both electrode designs.

SAM OTS hydrophobic and superhydrophobic surfaces presented an alternative
method to maintain a surface clean. Droplets tend to roll off from a hydrophobic
surface, carrying dirt and contaminants. Furthermore, their low surface energy
improves the droplet actuation performance using electrostatic forces. The
continuous droplet actuation was confirmed using a wettability gradient. We also
proposed an integrated design for a future study that combined the wettability

gradient with an electric switching method for a large-scale application.

Three applications are proposed in this thesis based on the L-DEP and EWOD
mechanisms. The primary application was a self-cleaning cover lens based on the

VIDEs without a control system. The cover lens was tested in the cleanroom under
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controlled conditions, and similarly, on the road by connecting it to the car battery
via a power inverter. The cleaning platform demonstrated the actuation of standard
dirt and other contaminants typically found on the road. The testing on the road
concluded that the self-cleaning platform was effective when the car was moving at
different speeds. Additionally, the self-cleaning cover lens was tested by placing it
over a LiIDAR sensor to produce a 3D scan of an office with furniture. The study
concluded that high quality scans were achievable using a transparent device made

with ITO electrodes.

The fabricated devices remained functional after long periods of use. The SU-8
insulating layer remained stable, assuming that the operating voltages were below
the breakdown limit. The experimental results confirmed that the operation was
reliable, actuating a variety of water-based solutions with different electrical
conductivity, ice formations, mud rain, dust, and sand. We noted that the SAM OTS
hydrophobic properties degraded over time, as do all hydrophobic coatings.
However, a higher applied voltage can always compensate for any environmental
degradation. We recommend a comprehensive study of the hydrophobic layer,

considering alternative materials and fabrication methods.

We also explored other applications of L-DEP and EWOD actuations in this thesis.
A new tilting micromirror platform based on the L-DEP was presented, to provide a
three-axis tilt mechanism by electrically manipulating the droplets. The voltage and
frequency dependant behaviour of L-DEP was investigated to confirm the optimum
operating conditions. The proposed platform was considerably cheaper when
compared to similar technologies (e.g., magnetic or piezoelectric). Additionally, the
tilting platform was an effective instrument to study L-DEP without measuring the
droplet contact angle. In principle, the optical tilting method can also estimate the
dynamic droplet contact angle, assuming that the initial contact angle is known. The
analysis was comparable to L-DEP studies using contact angle measurements,
droplet actuation speed, and measuring rise of liquid height between two parallel

electrodes.
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A new electrowetting-based microhydraulic actuator was also presented for
transporting solid particles. In this technique, the droplet movement on a typical
VIDEs actuated a solid platform situated on top of a droplet. Therefore, the platform
could act as a carrier to move other materials and contaminants. The microhydraulic
actuator is contactless, and a particular interest would be to handle biological and

radioactive materials.

In conclusion, this work presented a surface cleaning technology based on the
EWOD and L-DEP actuation mechanisms. Furthermore, various design
modifications enabled a scalable and simple operation, which was previously absent
in the research field. The improvements presented in this thesis open many avenues
for future innovative applications. A particular interest would be to develop a self-
cleaning cover lens for an automotive application. We can also expect in the next
decade to witness the utilisation of a similar platform for various droplet based

microfluidic systems.

8.2 Future work

This chapter presents an outlook for the droplet actuation methods, and proposes
several design improvements for a future study based on some initial experimental
results. Initially, we explored several new electrode designs with irregular patterns
to maximise the magnitude and non-uniformity of the electric field. Electrodes with
an irregular pattern presented some unique actuation behaviours such as rapid droplet
evaporation, lower operating voltage, asymmetric droplet spreading, and complete
film formation. However, their performance was unreliable and demand a
comprehensive study to fabricate a stable device. This is primarily because their
irregular features are prone to fabrication defects. We also explored alternative
materials and fabrication methods to improve existing designs in this thesis for a new

application.
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The size and shape of the electrode geometry changes the strength and distribution
of the electric field based on the fundamental theory of electrostatic. Figure 83 shows
an array of aluminium fishbone and triangular edge pattern IDEs. The irregular
branched structures are intended to increase the strength of the electric field while
reducing the input voltages. Four different gaps were considered (10 um, 20 pum,
40 um, and 80 um). However, devices with an electrode gap distance smaller than
40 um were predominantly neglected due to fabrication defects and device failure

from a dielectric breakdown.

9120 um 120 um
I ——
NPTy | e i >

Figure 83 Microscopic images showing electrodes with irregular branched
structures. (A) Fish-bone electrode designs for generating strong non-uniform
electrical fields. (B) The triangular edge electrode design. The electrodes (shown
as silver colour) are covered with a protective layer of SU-8 insulating material
and a functionalised SAM OTS hydrophobic coating.

Figure 84 shows COMSOL Multiphysics simulation results for the electric field
distribution across IDEs with a fishbone electrode pattern. The gap distance was
50 um. The primary advantage of using IDEs with irregular patterns is to minimise
the operating voltages. Fabricating IDEs with a small gap distance (20 um or less)
require a cleanroom with very high fabrication standards to minimise defects.
Alternative fabrication methods such as electron-beam lithography can reduce

fabrication defects for smaller structures at the expense of a higher fabrication cost.
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Another recommendation is depositing a high-quality alumina film using the atomic

layer deposition technique, similar to the device shown in section 5.3.

Surface: Electric field norm (V/m) 23
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Figure 84 COMSOL Multiphysics simulation results showing a 2D colour
electric field contour of a fish-bone electrode structure. Note that a strong
electric field is generated near the irregular branched structures.

We recommend a comprehensively future study to investigate the irregular electrode
designs to reduce the operating voltages. Various design features require
investigating to improve the voltage breakdown limit. For instance, minimising sharp
fabrication features, alternative composite insulating films, and the appropriate size
of gap distance and insulating thickness. Figure 85 shows several recommended
IDEs designs with irregular breached structures. A particularly unique electrode

design is shown in Figure 85 A, with the highest electric fields intensity per unit area.

175|Page



N TR, G P, 4 (T N T e A
— ) A\ = \
\ \ \ \
/ (5
/ ) /
/ - Jt i /
\ S N N R\ o T v T

C) D)

= e /v LTI T[T T
P | et LU Ji L o L L 2L UL reddosdde il ldiibdic s ldos s los i e il b s ]

e E R R ERE R R rj
Sl L B b Ll g gy i
mEnlsssgalaslsdwla
dest doal di b Se ol Ji ol Ji gt di ol da il Jid

Figure 85 Schematic drawing showing different proposed electrode
designs with irregular branched structures. The electrode designs should
be included in a future study.

L-DEP is a bulk force acting on the dipoles of a dielectric liquid, and it is generally
considered a localised effect. Therefore, the droplet spreading behaviour is
determined by the interaction between the solid-liquid interface. The electrode
fingers in a typical linear IDEs represent potential energy barriers to produce a non-
axisymmetric spreading, as depicted in Figure 86 A, B. Additionally, the
axisymmetric spreading has been reported elsewhere using a spiral IDEs design

operating at several hundred volts.?’

However, the fishbone IDEs may break the energy barriers and produce an
axisymmetric spreading (see Figure 86 C, D). The L-DEP effect was achieved at
100 V or more with a signal frequency of 60 kHz using DI water. The axisymmetric

spreading opens many avenues for future innovative applications, including 2D

droplet motion and axisymmetric film formations.
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Figure 86 Axisymmetric spreading behaviour of DI water droplet. (A - B)
Schematic drawing showing the non-axisymmetric spreading of a droplet
using a typical IDEs. (C - D) The axisymmetric spreading of DI water droplet
using the fishbone IDEs. The applied voltage was at least 100 V at 60 kHz.

Initial observations showed that the induced L-DEP wetting could even achieve a
complete film formation over the entire electrode pad. Figure 87 shows the spreading
behaviour, where a droplet of Hexane turned into a thin film using 100 V with a
signal frequency of 10 kHz. The film formation has several applications, such as

boundary lubrication, film coating, drug delivery, and self-cleaning platforms.
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Figure 87 Experimental results showing a complete film formation of a droplet
using the fishbone IDEs. (A) Hexane droplet without an applied voltage. (B)
Hexane film formation after applying 100 V with a signal frequency of 10 kHz.

Figure 88 shows a transparent device fabricated on a glass substrate using ITO,
SU-8, and OTS. Fabricating transparent devices enable various optical applications

operating within the visible light spectrum.

Figure 88 A transparent device fabricated on a glass substrate using ITO,
SU-8, and SAM OTS. The electrode configuration is based on the VIDEs.
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We recommend several alternative materials for a future study. An improved
insulating layer can increase the device performance. For example, a composite
metal oxide layer, or a combination of SU-8 with another metal oxide layer is
recommended. Additionally, employing a different hydrophobic coating with a lower
sliding angle or preferably a superhydrophobic coating would further reduce the
operating voltages or generate a faster droplet motion. Fabricating devices on a
flexible substrate would enable large-scale manufacturing at a low cost. Figure 89 A

shows two fabricated flexible devices using ITO and aluminium electrode patterns

B)

e @ Rolling
T8 8 N0 UH Process
Flexible «— < N S-S5 /4

— Target
Substrate

Figure 89 (A) A device based on the VIDEs configuration which was
fabricated on a flexible PET substrate and ITO electrodes. Another flexible
device was also fabricated using aluminium on a PET substrate. (B) The
inverted device with a base flexible substrate acting as an insulator layer. The
device is rolled over the target substrate. The transparent flexible device can be
manufactured in larger numbers and can be easily mounted on a curved surface.
The design of this device is particularly useful in the automotive industry.
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The devices can be coated with an insulating layer (e.g., SU-8) and coated with a
SAM OTS hydrophobic layer. However, the base flexible substrate can also be used
as an insulator in an inverted design. Figure 89 B shows a rolling process to attach
an inverted flexible device on a target substrate using an adhesive layer. Additionally,
flexible substrates can easily be mounted on to curved surfaces. This is a critical

design requirement for automotive applications.

VIDEs in paper electronics presents a new droplet actuation concept, combining a
paper substrate as a functional part of the device (see Figure 90). The primary
advantages are low fabrication costs, easily disposable, wide-scale availability, and
recyclability. The paper-based droplet actuation has various applications in
microfluidic and lab-on-chip devices. A notable application is a disposable device
for biomedical applications to split, mix, and transport droplets (i.e., blood)

for analysis.

Figure 90 A - F shows the fabrication process of electrodes on a device with a paper
substrate. Initially, the paper substrate was cleaned with nitrogen gas, and 100 nm of
an aluminium layer was deposited on the paper using an E-beam evaporator. The
substrate was cut-out, and the four corners were folded to create a boat-like origami
structure. The paper substrate had a protective plastic layer on one side (the side
without an aluminium layer), but the folded corners allowed the substrate to float on
liquid surfaces. We used the same technique during the photolithography and wet

etching process to fabricate the electrode pattern shown in Figure 90 G.
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B)

C)

Figure 90 Fabrication process on a paper substrate. (A) Cut-out paper substrate.
(B) Depositing a metal layer, spreading a photoresist, exposing the resist layer to
UV light, and then folding the corners. (C) Making a boat-like origami. (D)
Floating the substrate for developing and etching a pattern. The unique fabrication
technique prevents etchants and developers from penetrating the paper substrate.
(E) Cut the folded sides using a sharp blade. (F) Fabricated electrodes on paper.

(G) An image showing the fabricated VIDESs on a paper substrate.
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Appendix A Testing Materials

A.1 Testing Materials

Table 5 shows the testing liquids used in the experiments with the relevant chemical,

physical, and electrical properties. The higher surface tension was important in both

EWOD and L-DEP. The higher permittivity was crucial in the L-DEP actuation,

whereas the larger electrical conductivity was more dominant in the EWOD

actuation up to the saturation limit.

Table 5 List showing the key material properties of the testing liquids, including electrical
conductivity, dielectric constant, surface tension, and liquid density.

Testing Liquids Permittivity Surface Density
Tension

Units (F/m) (mN/m) (kgim?)
DI water 81 72.72 997
KCl-water (0.06 M) 78 72 997
KCl-water (saturated) 45 78.58 997
Rain water 80 72.72 997
Propylene carbonate 66.1 40.9 1200




Isopropyl alcohol 18.2

Hexane 1.89
Skimmed-milk 60
Mineral oil 21

21.79

18.43

38

29.23

786

655

1027

870

A.2 Electrode design

Table 6 shows the electrode geometries used in the thesis and associated control

system requirements.

Table 6 The electrode geometries and control system requirements.

VIDEs Variable Gap VIDEs Control System Utilized in
Configuratio | Distance, (um) Length Requirement Which Device
n (mm)
Linear VIDEs Dmin = 20 5 NA Chapter 4.3.2
1.0 Dmax = 200 Chapter 4.3.3

Chapter 4.3.4
Chapter 5.3.0
Chapter 7.1.1
Chapter 7.1.2
Chapter 7.1.3
Chapter 7.3.0
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Linear VIDEs Dmin = 20 10 NA Chapter 4.3.2
2.0 Dmax = 200 Chapter 5.3.0
Linear VIDEs Dmin = 20 55 3 control signals Chapter 6.2.0
Multiple Dmax = 200
Sunflower Dmin = 20 05,1, 1.5, 3 control signals, Chapter 6.2.0
VIDEs Dmax = 200 25,4,6.5 but separate
connections if there
is a large variation
in the droplet
volume
Bilateral- Dmin = 20 20 2 control signals Chapter 6.2.0
Symmetrical Dmax = 600
VIDEs
Circular Dmin = 20 3,2,1 NA Chapter 7.1.1
Symmetrical Dmax = 150, Chapter 7.1.2
VIDEs 200
IDEs Gap Distance, Pad Size Control System Utilized in
Configuratio (pm) (mm) Requirement Which Device
n

Single IDEs 20 -110 10x5 NA Chapter 4.1.2

Chapter 7.1.4

Chapter 7.1.5

Chapter 7.2.0
Single IDEs 20 - 80 10x5 NA Chapter 8.2.0
with irregular
features
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36 IDEs 20 1x6 36 signals with a Chapter 4.1.4
control system

Large-scale 20 1x64 72 signals with a Chapter 6.1.0

IDEs control system

A.3 PCB design

Several attempts were made to design the control system and relay module PCBs. The initial

designs were primarily for troubleshooting and identifying problems, such as voltage spikes

and signal noise. Figure 91-92 shows the final PCB design used in the control system.

Figure 93-94 shows the PCB design used in the relay module.
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Figure 92 PCB design for the control system (back cover).
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Figure 93 PCB design for the relay module (back cover).
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Figure 94 PCB design for the relay module (front cover).
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Appendix B Algorithms and
Computer codes

B.1 Mbed - C programming code

Computer code programmed on the Mbed compiler, accessed via the official online
Web app. The C programming language shows the iterative switching of the IDEs

used for a large-scale actuation of droplet with varying volumes.

#include "mbed.h"

#define T DELAY 0.1
DigitalOut ledl (LED1);

// flip flops
DigitalOut JK res(pl4);
DigitalOut JK clk(pl3);

// mux
DigitalOut MUX a0 (
DigitalOut MUX al(
DigitalOut MUX a2 (
DigitalOut MUX a3 (
DigitalOut MUX a4 (
DigitalOut MUX cs(
DigitalOut MUX wr (
DigitalOut MUX en(
DigitalOut MUX d(pl

B-9|Page



//

out

DigitalOut OUT en(pl5);
void select FF(int f) {

}

// select FF
MUX a0 = £ & 0b00000001;

MUX al = (f & 0b00000010)
MUX a2 = (f & 0b00000100)
MUX a3 = (f & 0b00001000)
MUX a4 = (f & 0b00010000)

void clock FF () {

int

//

// do one clock cycle
JK clk = 1;
wait (0.01);
JK clk = 0;
wait (0.01);

main () {
uint8 t i, j;
// disable outputs
OUT en = O;
// reset FFs
JK res = 0;
wait (0.1);
JK res = 1;
// enable mux

>>
>>
>>
>>

MUX cs = 0;
MUX en = 0;
MUX wr = 0; //unlatched
enable outputs
OUT en = 1;
wait (0.1);

// set toggle to 1
MUX d = 1;
while (1) {

// iteration #1
if (ledl==0)
ledl = 1;
else

S w N

Ne Ne N

~e

B-10|Page



0

ledl = 0;
// reset FFs
JK res = 0;
wait (0.1);
JK res = 1;
wait (0.1);

for (i=0;1<30;1i=1+3)
select FF(1);
clock FF();
}
wait (T DELAY) ;
for (3=0;3<3;j++) {
for (i=1;1<30;i=1+3) {
select FF(1);
clock FF();
}
wait (T _DELAY) ;
for (i=0;1<30;1=1+3) {
select FF(1i);
clock FF();
}
wait (T _DELAY) ;
for (1=2;1<30;1=1+3) {
select FF(1i);
clock FF();

}
wait (T_DELAY) ;

// iteration #2

if (ledl==0)
ledl = 1;
else
ledl = 0;

// reset FFs
JK res = 0;

{
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wait (0.1);
JK res = 1;
wait (0.1);

/] —==== 01 - 23 - 01 - 45 - 23
for (i=0;1<29;1i=1i+3) {

select FF(1i);

clock FF();

select FF(i+l);

clock FF();

}
wait (T _DELAY) ;

for (§=0;3<3; J++) {

for (1i=2;1<29;i=i+6) {
select FF(1);
clock FF();
select FF(i+l);
clock FF();

}

wait (T _DELAY) ;

for (i=0;1<29;1=1+3) {

select FF(1i);
clock FF();
select FF(i+l);
clock FF();

}

wait (T _DELAY) ;

for(i=4;i<29;i=143) {

select FF(1);
clock FF();
select FF(i+1);
clock FF();

}
wait (T_DELAY) ;

// iteration #3
if (ledl==0)
ledl = 1;
else
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ledl = 0;
// reset FFs
JK res = 0;
wait (0.1);
JK res = 1;
wait (0.1);

// —==—- 012 - 345 - 012 - 678 - 345
for (i=0;1<28;1=1+3) {

select FF(1i);

clock FF();

select FF(i+1);

clock FF();

select FF(i+2);

clock FF();

}
wait (T_DELAY) ;

for (3=0;3<3;3++) {

for (i=3;1i<28;i=1+3) {
select FF(1);
clock FF();
select FF(i+1);
clock FF();
select FF(i+2);
clock FF();

}

wait(T_DELAY);

for (i=0;1<28;i=1i+3) {

select FF(1i);
clock FF();
select FF(i+1);
clock FF();
select FF(i+2);
clock FF();

}

wait(T_DELAY);

for(i=6;1<28;i=1i+3) {

select FF(1);
clock FF();
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select FF(i+1);
clock FF();
select FF(i+2);
clock FF();

}
wait (T _DELAY) ;

// iteration #4

if (ledl==0)
ledl = 1;
else
ledl = 0;

// reset FFs
JK res = 0;
wait (0.1);
JK res = 1;
wait (0.1);

// —==—= 01234 - 56789 - 01234 -
10,11,12,13,14
for (1i=0;1<26;1i=1+5) {
select FF(1);
clock FF();
select FF(i+1);
clock FF();
select FF(i+2);
clock FF();
select FF(i+3);
clock FF();
select FF(i+4);
clock FF();
}
wait(T_DELAY);
for (3=0;3<3;J3++) {
for (1=5;1<26;1=1+5) {
select FF(1);
clock FF();
select FF(i+1);
clock FF();
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select FF(i+2);
clock FF();

}

wait (T DELAY) ;

for (1i=0;1<26;1i=1+5)
select FF(1i);
clock FF();
select FF(i+1);
clock FF();
select FF(i+2);
clock FF();

}

wait (T DELAY) ;

for (i=10;1<26;1=1+45)
select FF(1);
clock FF();
select FF(i+1);
clock FF();
select FF(i+2);
clock FF();

}
wait (T_DELAY) ;

} // while
} // main

{

{
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B.2 MATLAB — RC network model

This section shows MATLAB codes for solving the equivalent RC circuit network
models to calculate the capacitance in the dielectric layer, capacitance in the liquid,
and the liquid conductance. The critical signal frequency, electrostatic energy, and
the electrostatic force was calculated.

clc
clear all

o°

Finding x1 & x2 (depending on the p', also known as x')
Finding Area (Ax)
Finding Cd Cw Gw

o\°

o°

S o

% Independent Variables
Length = 5000e-6; % Length of electrode
D = 100e-6; % Half of Dmax

yl = 10e-6; % Distance Y1 (Half of Dmin for half of the
design) - Fixed
R = 1500e-6; % Droplet radius

%% Dependent Variables

L = Length - R; % Liquid-electrode interface Length - droplet
radius

d =D + yl; % Distance from the centre half of the electrode
to base line

y2 = d - 10e-6; % Distance Y2

1 = 2*R; % Ligquid length

p = linspace(R,L,100); % Distance x'

%% Finding x1 and x2 @ varying d - VIDEs
x1 = p - sgrt((R"2) - (d*2)); % Distance @ x1
X2 = p + sqgrt((R*2) - (d"2)); % Distance @ x2

%% Find the area - VIDEs
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Ax = (yl1 - y2)*(x2.7"2-x1.72)/(2*L) + (d-yl).*(x2 - x1); % Area
of the strip

—————————————— Calculate Cd Cw Gw

I o° oe

%% Variables
el 8.85418782 * 107-12; % Permittivity of free space
er = 3.2; % Permittivity of SU-8

DE = 0.5E-6; % SU-8 thickness

ew = 80; % Permittivity of water
T = 20e-6; % Conductivity of water (microsiemens per meter)

wQ =10e3; % Signal frequency
V = 70; % Applied voltage

%% Find Cd
Cd = (e0O*er*Ax)/DE; % Capacitance using two fingers

%% Finding Gw
= (yl-y2).*p/L + d-yl; % Electrode width - VIDEs
s = 2*(d-w); % Electrode gap - VIDEs

k = s./(s+(2.%w));
K = ellipke(k); % Elliptic integral of the first kind

Gw = (T*(K.*(1-k.”2))*1)./(2*K.*k.”2); % Conductance of liquid
%% Find Cw

= (e0*ew/T)*Gw; % Liquid capacitance

%% Find critical frequency, electrostatic energy, and force
1;

for wO=linspace (100,500e3,1000)

o QO

%% Voltage across Cw
Rw=1./Gw; % Resistance Rw
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Vw = V*Rw.*Cd/2*1i*w0./ (11*wO*Rw.* (Cd/2+Cw)+1); % Voltage
across liquid

o°
o°

Voltage across Cd

vd = (V - Vw); % Voltage across insulator
%% Energy
E = ((Cd.*abs(Vd) .”2)/4) + ((Cw.*abs(Vw)."2)/2); %

Electrostatic energy

%% Critical Frequency
Fc = (Gw./ ((2 * pi)*(((Cd)/2) + (Cw)))); % Natural
frequency

%% Numerical value for force - VIDEs
dEdp = - diff(E)./diff(p); % Total electric force for a
pair of strips

%% end
freqO (fidx) = w0/ (2*pi);
force (fidx) = max(dEdp); % Can also use max(E) to find the

maximum electrostatic energy
fidx = fidx+1;
end

plot (freq0/1000, force*1le6) % Plotting the generated force
between a pair of strips

o\°
o\°
2l
]

Q.

disp ("done")
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B.3 RC network model

This section shows the calculations for the electrical impedance (Z) in the RC circuit
network model, as depicted in Figure 96 to derive a term that defines the voltage

drop across the liquid (V;,), and dielectric layer (Vp).

G2

Figure 95 The schematic diagram showing the RC network circuit model of a
droplet situated on a pair of electrodes (VIDEs) covered with an insulating layer.

Z
Vi = d —U
2wt iac, 72
Ry,
Ly =
"7 1+iwR,C,
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Ry
v = T+ iwR,C, U
R, . _ 1
T+ iwR,C, " iw(Cy/2)

Ry,
Vo= 1+iwR,C, U
W™ iwR,(Cp/2) + 1+ iwR,C,
iw(Cp/2)(1 +iwR,,C,,)

Ry,
_ 1+ iwR,C, U
1+ iwR,(Cp/2) + iwR,C,
iw(Cp/2)(1 +iwR,,C,,)

Vi

M iw(Cp/2)Ry,
Y7 1+iwR,(Cp/2) + iwR,,C,

IV |2= wZ(CD/Z)Zsz |U|2
"1 1+ w2R,2(Cp/2 + Cy)2
|VD|2 = |U - VW|2
iw(Cr/2)R 2
Wl = |1 - — /DR |7
1+ iwR,(Cp/2+C,)
1+ w?C,%R,,>
Vp|? = e |U|?

1+ w?R,%(Cp/2 + C,)?
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