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Abstract
Contact-line pinning is a fundamental limitation of diffusion-limited evaporation of sessile droplets.

Sessile droplet evaporation is pervasive in a wide range of situations from ink-jet printing, to pes-

ticide sprays and spotted microarrays. Contact-line pinning drives, for example, stick-slip motion

and non-uniform deposition of solute within the droplet. Moreover, contact-line pinning is prob-

lematic in a wide range of situations, such as droplet micro�uidics where capillary forces dominate

the motion of liquid fronts.

Recently, Slippery Liquid-Infused Porous Surfaces (SLIPS) have shown excellent droplet shed-

ding abilities by use of a lubricating liquid, imbibed into a porous structure, immiscible to droplets

on the surface. However, the lubricating liquid removes the droplet-solid-interaction, can cloak the

droplet, can be several microns in thickness and the porous structure can be fragile to external me-

chanical forces. Slippery Omniphobic Covalently Attached Liquid-Like (SOCAL) is a new type

of liquid-like surface, which is an attached coating rather than a retained liquid. SOCAL promises

pinning-free properties while being nanometres thick and demonstrating mechanical robustness.

Few research groups have reported successful creation of SOCAL surfaces.

This thesis shows an optimised methodology to make reliably, pinning-free low-hysteresis SO-

CAL surfaces. This is done by modifying the parameters to create SOCAL and measuring the

contact-angle hysteresis. A low contact-angle hysteresis of< 1° is achieved. These surfaces then

show, for the �rst time, constant contact angle mode evaporation of sessile water droplets from a

solid surface. This allows for the accurate measurement of the diffusion coef�cient of water. An

unexpected feature of the evaporation sequences is a step change increase in contact angle rem-

iniscent of a type V adsorption isotherm. Attempts are made to characterise this using Dynamic

Vapour Sorption (DVS) and Quartz Crystal Microbalance (QCM) techniques.

This thesis also shows voltage-programmable control of water droplets on SOCAL using elec-

trowetting. The unexpected behaviour of droplets on SOCAL is investigated and the electrowet-

ting device is optimised. This allows control of the constant contact angle evaporation on both

SLIPS and SOCAL. This is used to study the effect on the contact angle during the evaporation

of sessile water droplets. The results of this thesis will bene�t the aforementioned applications

overcoming contact-line pinning and introducing new methods of controlling sessile droplet evap-
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Chapter 1

Overview

Consider a droplet of morning dew suspended on a thread of a spiders web. As the thread is

so small and thin in comparison to the droplet, the droplet can be considered to be completely

surrounded by air. The water droplet acts to minimise the surface area exposed to the surrounding

air - providing the droplet is small enough such that surface tension dominates over gravity - it

will form a spherical shape. When a droplet of water is surrounded by air which is not saturated

by water vapour it will begin to evaporate. As the droplet is a spherical shape, the evaporation will

occur radially in all directions. The evaporation rate and total drying time can be described by the

properties of the system, such as density and volume of the liquid, surrounding temperature and

relative humidity.

Now consider a droplet resting on a leaf. The shape is no longer spherical, again providing the

droplet is small enough such that surface tension dominates over gravity, it will form the shape of

a spherical cap. The droplet surrounded by air which is not saturated with water vapour can no

longer evaporate radially outward in all directions, but is perturbed by the solid surface of the leaf.

The surface has many implications to the description of the evaporation.

In the ideal case, a droplet in equilibrium on a surface forms a spherical cap based on the surface

tensions of the three phases (solid, liquid and gas). This shape can be described by the contact

angle the droplet makes with the surface. The ideal interactions between liquids and solids where

�rst explored in the early19th century by Young and Laplace [1, 2]. However, experimentally

observed droplets on surfaces often diverge from ideal. The contact angle a droplet makes with a
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surface is also effected by chemical heterogeneity and surface roughness. In experiments, rather

than a droplet adopting a single equilibrium contact angle, it can remain in equilibrium on a surface

at a range of angles, known as the contact angle hysteresis. When a droplet makes a contact

angle with a surface outside of the range de�ned by the contact angle hysteresis, it will move the

contact line until a contact angle is reached within the contact angle hysteresis. Contact angle

hysteresis also poses problems for droplet evaporation. A droplet on a non-ideal surface will

evaporate in an uncontrolled stick-slip manner where the contact angle and contact line change as

chemical heterogeneities and surface roughness, which cause contact-line pinning, are overcome.

It is possible to engineer surfaces which reduce contact angle hysteresis and introducing more

control to droplets on surfaces.

The ability to modify a surface to enable control of droplets and their evaporation is of great

importance in both the nature and engineering and there are several strategies in both to enable

this. In nature, the lotus leaf has a surface coated in waxy bumps that water struggles to penetrate,

this causes water to ball up and simply roll-off the surface. The Nepenthes pitcher plant adopts a

different strategy, allowing water to wick into a surface and hold it, this water is immiscible to the

oils on the feet of �ying insects which land on the plant, causing them to slip into a chamber to be

eaten and digested. In Engineering, taking inspiration from the lotus leaf, a textured hydrophobic

surface can be made superhydrophobic with contact angles> 150°. Another approach is to retain

a liquid in a structured surface which is immiscible to water to remove any contact water has

with the solid, thus removing contact line pinning. Both these methods require a surface structure

which can often be fragile, and the surface is no longer smooth and �at. Recently a new type of

liquid-like surface has been developed which allows the almost complete removal of contact angle

hysteresis, whilst retaining a smooth �at surface which is mechanically robust.

Removing contact-angle hysteresis and reducing contact-line pinning has many applications. It

can aid in heat transfer from evaporating liquids, allow more uniform deposition from particle-

laden evaporating droplets and allows for more precise predictions on overall droplet evaporation

times.

This thesis explores pinning-free surfaces and combines them with studies of evaporating droplets,

and introduces �ne control over the evaporation using electrowetting. The theory and relevant

literature is detailed, covering, wetting, contact-line pinning, droplet evaporation and electrowet-
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ting. Materials and experimental techniques used in this thesis include surface characterisation,

preparation of pinning-free surfaces, experimental control of humidity, image analysis and elec-

trowetting.

SOCAL surfaces are created and the procedure of manufacture is optimised for the equipment

available. This results in reliably low contact-angle hysteresis surfaces� � CAH < 1° [3]. They are

then observed to evaporate in an ideal constant contact angle mode of evaporation for the majority

of the droplet lifetime for a broad range of relative humidities. This is the �rst report of constant

contact angle evaporation of sessile water droplets from a smooth �at solid surface. This ideal

evaporation allows accurate calculation of the diffusion coef�cients of water. As SOCAL is omni-

phobic, opportunity exists to use sessile droplet evaporation as a method of calculating diffusion

coef�cients for a broad range of volatile liquids. An unexpected effect of the relative humidity is

an apparent increase in the evaporation contact angle above a threshold humidity. While attempts

are made to characterise why this step-change in contact angle occurs, using Dynamic Vapour

Sorption (DVS) and QCM, results proved inconclusive, however, the most probable explanation

for this change remains a type V adsorption isotherm.

At near-zero hysteresis, a droplet can only obtain a single contact-angle on a surface, to introduce

control of the contact-angle electrowetting is used. Electrowetting is a vast subject with a lot of

research interest. In this thesis, the performance of electrowetting equipment used is evaluated

using Polytetra�uoroethylene (PTFE) surfaces, which prevent reversible changes to the contact-

angle due to hysteresis. Then, in following the work of Brabcovaet al., electrowetting on Slippery

Liquid Infused Porous Surfaces (SLIPS) shows a hysteresis-free reversible modi�cation of the

contact angle by application of a voltage. The electrowetting of SLIPS on a glass dielectric allows

the use of experiments and theory to help inform an appropriate dielectric thickness to prevent de-

vice failure through voltage breakdown, while allowing the droplet to spread to the electrowetting

contact angle saturation limit within the maximum voltage limits of the used equipment. Elec-

trowetting on SOCAL does not provide the expected contact angle voltage relationship described

by theory. To investigate, the salt type and concentration used in the water droplets for electrowet-

ting is investigated, along with Alternating Current (AC) frequency and the rate of change in the

voltage. It is concluded that although low hysteresis, the contact-line velocity is too great in these

experiments to observe a quasi-static equilibrium angle.
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Previously, water has only been shown to evaporate at a �xed contact angle on pinning free sur-

faces close to the expected equilibrium angle. In this thesis droplets are observed to evaporate at

constant contact angle mode evaporation on both SOCAL and SLIPS at a voltage programmable

contact angle for a broad range of contact angles using electrowetting. The constant contact angle

obtained during evaporation corresponds to the expected value for a given voltage in the theory.

This allows for the �rst time, constant contact angle evaporation at hydrophilic angles� < 90°.

The constant contact angle evaporation also allows estimation of the diffusion coef�cient, show-

ing negligible effect from the oil layer in SLIPS to effect the evaporation. The electric �eld also

doesn't appear to have an effect on the evaporation. This allows the theoretical calculation of the

evaporation time dependence on contact angle to be compared to experiments, Providing a method

of controlling the evaporation time using pinning free evaporation, useful for applications where

pinning free evaporation and control of drying times is important, such as inkjet printing, and

uniform �orescence in DNA spotted micro arrays.

The results of this thesis contribute to the emerging and expanding �eld of liquid-like water re-

pellent surfaces such as SOCAL. SOCAL provides pinning-free properties while being a smooth

�at mechanically robust surface. This could rival other water repellent surfaces such as widely

researched SLIPS surfaces, which require a retained liquid and a potentially fragile, retaining

structure. This thesis shows pinning free evaporation of water from a smooth solid, �at surface

for the �rst time. It also shows the pinning-free evaporation of droplets can be controlled using

electrowetting, allowing precise control and prediction of the effect of contact angle on the drying

time. This allows opportunities for further study of droplet evaporation on pinning-free surfaces

in areas such as heat transfer, particle deposition and even and virus-resistant anti-bio-fouling

surfaces.

4



Chapter 2

Introduction

This chapter looks at the background and theory of wetting, contact-line pinning, sessile droplet

evaporation and manipulation of droplets using electrowetting. The section also provides a lit-

erature review on the topics covered in this thesis, to give an overview of recent and relevant

research in the �eld. The topic of wetting is �rst covered, how droplets interact with solid surfaces

and the forces that govern these interactions. Droplet mobility on surfaces is often inhibited by

contact-line pinning. The source of contact-line pinning is discussed, along with its implications

for various applications and strategies to over come it.

Evaporation occurs anywhere a volatile liquid is in the presence of a gas which is not saturated

with a vapour of the liquid. Diffusion-limited evaporation is the effect of the vapour of the evapo-

rating liquid on the evaporation of more liquid. A simple case of an aerosol droplet in free space

is considered, then advancing to the case of sessile droplet evaporation, where the droplet is per-

turbed by the presence of a solid surface. There are two ideal modes of sessile droplet evaporation

which are detailed. A gap in the literature is highlighted in the study of pinning-free droplets on

solid surfaces. By removing pinning, evaporating droplet lifetime for a constant contact angle can

be studied. Finally, this chapter discusses the fundamentals of electrowetting, a tool which can be

used to spread a droplet on a surface.

5



CHAPTER 2. INTRODUCTION

2.1 Wetting

When a liquid comes into contact with a solid, it will either spread into a �lm or partially spread

into a puddle or droplet, maintaining contact with the solid due to intermolecular interactions.

These interactions and the degree to which a liquid will spread on a solid are known as wetting.

It provides an explanation as to why a rain droplet will roll off a leaf but will penetrate into

soil [2]. The behaviour of droplets on surfaces has many industrial applications, which makes it a

�eld of signi�cance and importance [4]. Wetting plays an important role in oil recovery [5], the

distribution of active matter in pesticides [6] and even road water drainage. Wetting of droplets

has applications such as inkjet printing [7], and heat transfer [8]. By understanding the behaviour

of liquids interacting with solids, surfaces can be exploited to either attract liquids, repel liquids

and even sort droplets of different surface tensions [9].

2.1.1 Surface Tension

A liquid is a state of matter that has a �xed volume (in equilibrium when evaporation is equal

to condensation), but no �xed shape. Molecules in a liquid are held together by cohesive weak

Van der Waals forces. Consider a droplet of liquid surrounded only by air. Cohesive forces of

the molecules inside the bulk of the liquid will be pulled equally in all directions by surrounding

molecules of the same element or compound (Figure. 2.1 (a)). Molecules at the edge of the liquid

will not have the same molecules on all sides, they will therefore try to minimise their surface

energy to satisfy their bonds by pulling inwards (Figure. 2.1 (b)). The forces will pull inwards

creating an internal pressure forcing the liquid surface to reduce to a minimum. The result, is the

liquid will make a perfect sphere as this is the shape where the least number of molecules are

exposed to the surrounding air, in other words, the shape with the lowest surface area for a given

volume. The force at which one phase opposes another is known as the surface tension,
 lv . The

surface tension of water in air at25� C is typically72:8 mNm� 1 [10].
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(a) (b)

Figure 2.1: A spherical droplet of liquid surrounded by vapour where (a) shows molecules in the
bulk of the liquid with cohesive forces pulling equally in all directions and (b) shows molecules at
the liquid-vapour interface with uneven cohesive bonds pulling inwards to reduce the surface area.

2.1.2 Laplace Pressure

Considering again the sphere of liquid surrounded by air or a vapour phase. The pressure inside the

drop will be driven by the liquid-vapour surface tension,
 lv . The difference in pressure between

the inside of the liquid and outside the liquid is known as the Laplace excess pressure.

� P = Pin � Pout = 
 lv

�
1

R1
+

1
R2

�
; (2.1)

where� P is the pressure difference between the two phases andR is the radii of curvature of

the droplet. This difference in pressure causes smaller droplets to empty into larger ones in an

emulsion (�gure 2.2). It also explains why smaller droplets will evaporate at a faster rate than

larger droplets. It also explains why capillary bridges form and can create strong adhesion between

�bres or wet sand.

Figure 2.2: A smaller droplet with a smaller spherical radiusR has a larger pressureP than a
larger droplet with spherical radiusR0and pressureP0
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2.1.3 Capillary Length

Two competing forces which act upon on sessile droplets are surface tension and gravity. A simple

dimensional argument can be made to compare the two forces. Surface tension,
 lv , scales as a

function of length, whereas gravitational forces, g, scale as a function of the mass of the drop

(density multiplied by the volume) [11]. The ratio of the forces as the drop size scales as

� gR3


 lv R
/ R2: (2.2)

When the gravitational forces and surface tension forces are equal,
p


 lv =� g = 1, with has units

of length. This length is refereed to as the capillary length,� � 1 and is de�ned as

� � 1 =
r


 lv

� g
(2.3)

where
 lv , is the liquid-vapour surface tension,� , is the density of the liquid and, g, is gravita-

tional accelerationg = 9:8 m s� 1. Inputting the properties of water into equation (2.3),
 lv =

72:8 mN m� 1, � = 997 kg m� 3 [12], the capillary length of water is� � 1 = 2 :7 mm.

The capillary length can be used as a guide in experiments as to the typical length scale when

surface tension dominates and the effects of gravity can be ignored, typically when the droplet

is an order of magnitude less than the capillary length. This is particularly useful to the study

of sessile droplets, when they are small enough, so that surface tension dominates gravity, the

shape can be approximated to that of a spherical cap. A simple experiment to demonstrate this

is to increase a droplets volume,
 , and measure the height. If the droplet was unaffected by

gravity, it would retain a spherical cap geometry as the volume increased, therefore the height

would increase linearly with the volume. Figure 2.3 shows the droplet height increases linearly

with volume up until
 � 14� L. As the volume continues to increase the rate of change in the

height begins to slow, this is visible on the inset droplet images in �gure 2.3 where the4� L droplet

is almost spherical, whereas the150� L droplet is visibly �attened by gravity. Experimentally, the

effects of gravity can be neglected when looking at small droplets whose contact radius is below

the capillary length.
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2.1 Wetting

Figure 2.3: Droplet height, h as a function of volume,
 of a DI water droplet on a superhydropho-
bic GLACO™ coated surface. The top left inset image shows a4� L droplet and the bottom right
inset image shows a150� L droplet. The0:4737 mmdiameter needle is kept in both images for
scale.

2.1.4 Spreading Coef�cient

The interfacial energy of a dry smooth �at solid surface in air is
 sv. If the same surface is coated

in a thin layer of liquid there are now two interfaces, the solid-liquid interface (
 sl ) and the liquid-

vapour interface (
 lv ), giving a combined interfacial energy of
 sl + 
 lv . The combined interfacial

energy of
 sl + 
 lv must be lower than that of
 sv for a liquid �lm to form.


 sl + 
 lv < 
 sv (2.4)

The comparison of these energy states is the spreading coef�cient,S, for a liquid on a solid in the

presence of air, i.e.

S = 
 sv � (
 sl + 
 lv ) (2.5)

whenS � 0 , a �lm of liquid will form, the droplet will completely spread in order to reduce its

surface energy. This will reduce the solid-vapour interface as it is a higher energy state than the

combination of solid-liquid and liquid-vapour interfaces (
 sv > 
 sl + 
 lv ). WhenS < 0, a partial

wetting scenario is seen.
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Figure 2.4: A liquid spreading into a complete �lm over a solid whenS � 0 and a liquid forming
a spherical cap shape in a partial wetting state whenS < 0.

2.1.5 Young's Law

The shape of a droplet below the capillary length in equilibrium on a smooth �at surface is deter-

mined by the interfacial tensions between the solid-liquid, solid-vapour and liquid-vapour (Figure

2.5). This balance is de�ned by Young's equation (2.6) [1]


 sv � 
 sl � 
 lv cos�e = 0 (2.6)

where� e is Young's angle,
 sv is the solid-vapour surface tension,
 sl is the solid-liquid surface

tension and
 lv is the liquid-vapour surface tension
 lv (commonly shortened to
 .) For water on

a solid surface, a contact angle� e < 90° is considered hydrophillic and a contact angle� e � 90°

is considered hydrophobic. One of the largest contact angle achievable on a solid �at surface is

on PTFE (more commonly known as Te�on™) where� � 120° [13]. It is possible to achieve

larger contact angles by modifying the surface structure to make a surface superhydrophobic.

Superhydrophobic surfaces are characterised by� � 150° and contact angle hysteresis< 10°

[11].
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2.1 Wetting

Figure 2.5: A Droplet on a smooth �at surface, the three interfacial tensions are shown as liquid-
vapour (
 lv ), solid-liquid (
 sl ) and solid-vapour (
 sv). � e is the equilibrium contact angle.

2.1.6 Cassie-Baxter & Wenzel States

Typically surfaces are not smooth and �at but rough and textured. The texture of a surface can

alter how a droplet interacts with it. This can be in the form of roughness, dimples and protrusions

[4,11,14–16]. When a droplet is in contact with a roughened surface it can adopt, a Cassie-Baxter

state [17], Wenzel state [18] or a mix state between the two. A Cassie-Baxter state is where the

droplet sits on top of the protrusions on the surface (�gure 2.7 (a)). This reduces the contact the

liquid has with the surface, causing the droplet to almost completely ball up allowing a droplet to

move more freely [19]. The effect of the roughness on the equilibrium in a Cassie-Baxter state

contact angle can be given in a simpli�ed equation where liquid is bridging horizontally across �at

topped pillars is given by

cos� CB
e = � s cos� s

e � (1 � � s) (2.7)

where� CB
e is the Cassie-Baxter contact angle,� s

e is the equilibrium angle on a solid �at surface

of the same chemical composition and� S is the solid-vapour fraction of the surface. The more

complete Cassie-Baxter equation looked at a droplet wetting horizontal round wires (�gure 2.6).

This allows for a roughness factor that accounts for the surface area from the fraction of the

surface of each round wire that was wetted. Essentially he usedf 1 cos� � f 2 wheref 1 andf 2

where de�ned as total areas (and so allow for a non-planar meniscus shape and the curvature of

the wire). This also means these factors depend on the Young contact angle.
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Figure 2.6: Water on cylinders. Figure from (Cassie & Baxter, 1944).

A Wenzel state is where the droplet penetrates between the surface protrusions. This increases the

area in which the droplet is in contact with the surface, this can reduce droplet mobility, increasing

pinning. [20] The effect of the roughness on the equilibrium contact angle in a Wenzel state is

given by

cos� W
e = rw cos� s

e (2.8)

where� W
e is the Wenzel contact angle andrW is the roughness factor, which acts as an ampli�ca-

tion effect on the surface chemistry.

(a) Cassie-Baxter state (b) Wenzel state

Figure 2.7: (a) A droplet in a Cassie-Baxter state sits on top of any protrusions on the surface. (b)
A droplet in a Wenzel state �lls any protrusions in a surface.

2.2 Contact-line Pinning

Young's law is often used in many studies on wetting, however, it is rarely observed in practice.

Contact-line pinning is a fundamental limitation that prevents droplets from reaching equilibrium.

This section looks at the source of contact line pinning, how it is characterised and importantly,

how it is overcome. Overcoming contact line pinning has great implications for many applications

such as ink jet printing [21], precise deposition of particles [22,23] control of micro�uidic droplets

[24], prevention of biofouling in medical devices [25], cell analysis [26], and self cleaning surfaces

[14].

There are two sources of pinning on surfaces; chemical and topographical. Chemical heterogeneity
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2.2 Contact-line Pinning

can cause pinning on surfaces where liquids preferentially wet a solid rather than repel. Surface

topography can cause pinning by way of defects on a surface that a contact line must overcome to

advance.

2.2.1 Contact-Angle Hysteresis

Contact-line pinning can prevent a droplet from reaching Young's equilibrium angle, for most

surfaces there are a range of angles a droplet can remain stationary on a surface. This can be a

useful tool in the measurement of the adhesion of a surface [27]. Consider a droplet on a surface

with a thin syringe �lled with the same liquid and needle placed into the centre of the droplet.

When in�ating the droplet, the contact-angle the droplet makes with the surface directly before

contact line motion is de�ned as the advancing angle,� A . During de�ation the contact-angle

the droplet makes with the surface directly before contact-line motion is de�ned as the receding

angle,� R . The difference between the advancing and receding angles is known as the contact-

angle hysteresis,� � CAH , again this is an inherent property of the droplet and the surface [28,

29]. Contact-angle hysteresis measurements are discussed in detail in Chapter 3.1.1. Another

method to help quantify droplet adhesion to a surface when it is not possible to directly measure

a contact angle, such as on some SLIPS, is through the sliding angle. Consider a droplet on a

surface, if the surface begins to tilt the droplet will initially remain stationary, as the angle is

increased the droplet will form a tear drop shape until such an angle is achieved where the droplet

can move. The angle at which the droplet begins to move is known as the sliding angle (� );

which is a property characteristic to the droplet and the surface. As the effect of gravity on the

droplet scales with droplet volume rather than a linear size, it is easier to shed larger droplets

than smaller ones, therefore care must be taken to state the size of droplets used in sliding angle

measurements. Recently, efforts have been made to measure droplets adhesion to a surface using

a capillary attached to the droplet and moving the surface underneath. The adhesion force is then

calculated through the defection of the capillary [30,31].

2.2.2 Contact-Line Dynamics

Contact line dynamics looks at the effect of the velocity of a moving contact linev, on the contact

angle of the droplet. Two well known models that try to elucidate the motion of contact lines are

the Cox-Voinov hydrodynamic model [32, 33] and the Molecular Kinetic Theory (MKT) model
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[34]. Cox-Voinov theory states that viscous stresses from the surface and the surface tension of

the liquid govern the deformation of the interface when a droplet is in motion, this deformation

can be characterised as the contact angle as a function of the contact line velocity

� 3 = � 3
e + 9Ca ln

�
L
lm

�
; (2.9)

whereCa = �v=
 is the capillary number,� is the viscosity,L is the typical macroscopic length

scale where the apparent contact angle is measured, and� e is the equilibrium contact angle andlm

is the microscopic cut-off length scale.

MKT states the contact line velocity is driven by the imbalance between the static and dynamic

contact angles [34]. Adsorption of liquid molecules at the interface between the solid and liquid

occurs when the contact line is advancing and desorption occurs when the contact line is receding.

The balance between both processes gives the contact-line velocity [31],

v = 2K 0� sinh
�


� 2(cos� e � cos� )
2kB T

�
; (2.10)

whereK 0 is the frequency of adsorption-desorption of molecules at the contact line,� is the aver-

age distance between molecules,kB is the Boltzmann constant andT is the absolute temperature.

2.2.3 Overcoming Pinning

Modifying a surface can be an effective way of reducing contact-line pinning with many different

approaches available. One such well-known approach is the use of PTFE, also known as Te�on

[35]. This approach modi�es the surface chemistry to be hydrophobic to water. Recently there

have been many advances in surface modi�cation to increase water repellance.

Superhydrophobic Surfaces

Water repellance is often observed in nature. Many species of plants have hydrophobic leaves to

allow water to either slide or roll-off, cleaning any dust and debris from the leaf and allowing the

water to reach the ground where it can then be absorbed by the plant. The Lotus leaf uses surface

roughness in the form of waxy bumps to cause water droplets to roll off [11, 36]. The bumps
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2.2 Contact-line Pinning

are small enough so that a droplet sits on top of them in a Cassie-Baxter state, this increases the

contact angle the droplet makes with the surface. This principle has been utilized to manufacture

superhydrophobic surfaces using a range of different techniques. Barthlott & Neinhuis were the

�rst to coin the termsLotus effectandsuperhydrophobicitywhen characterising the water repel-

lance of plant surfaces [36, 37]. T. Ondaet al. show droplets ball up on fractal wax surfaces with

contact angles� = 174° [38]. Super hydrophobic surfaces have also been manufactured using

lithography [39, 40] and sol-gel surfaces [41, 42]. Recently superhydrophobic surfaces have been

made using soot from rapeseed oil [43] and using commercial nanoparticle sprays [44]. All of

these approaches use a a rough patterned or porous surface which is either intrinsically hydropho-

bic or a hydrophobic coating is later added. While these surfaces offer excellent water shedding

ability they have an inherent weakness that should a suf�cient pressure be applied to the droplet,

it will become impaled by the structure and no longer be able to move as the droplet is then in

a Wenzel state. Because of the complex nano-scale structure of superhydrophobic surfaces, they

are also not mechanically robust, limiting their potential applications. However, recently Wanget

al. have shown that robust superhydrophobicity can be realized by structuring surfaces at two dif-

ferent length scales, with a nanostructure design to provide water repellency and a microstructure

design to provide durability [45].

Slippery Liquid Infused Porous Surfaces (SLIPS)

The Nepethes pitcher plant also utilises surface topography to repel liquids [46,47], however this

complex topography is highly wetting to water. Condensing vapour from the atmosphere produces

a thin water �lm on the surface, this repels the oils on the surface of insects feet, as they step onto

the plant the insect slips and falls into the plant to be digested. The lubricating layer acts to reduce

contact-line pinning.

In recent years, lubricant infused surfaces have been created to mimic these effects found in nature.

One such surface is SLIPS [47]. These surfaces uses a complex topography to infuse an oil. The

oil then acts as a lubricating layer between the surface and water droplets in contact with it as in

�gure 2.8.
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Figure 2.8: Illustration of a sessile droplet on a pillared SLIPS

To produce a SLIPS three critera must be met:

1. the lubricating liquid must wick into, wet and stably adhere within the substrate.

2. The solid must be preferentially wetted by the lubricating liquid rather than by the liquid

one wants to repel.

3. The lubricating and impinging test liquids must be immiscible.

There also exists Liquid Infused Surfaces (LIS), which are again lubricant �lled surfaces. How-

ever, in these surfaces, often the tops of the structures are in direct contact with the droplet which

violates the �rst criteria of SLIPS. The second criteria of SLIPS is not always completely ful�lled,

which can cause depletion of the lubricating layer over time exposing the solid surface to the liquid

droplet [48]. LIS surfaces can be categorised depending on the wetting con�gurations underneath

the drop and outside the drop (Figure 2.10). These states can be further expanded upon depending

on whether the oil cloaks the droplet (Figure 2.10), with SLIPS occupying the A3-W3 state.The

individual interfacial energies that de�ne the spreading coef�cients can be estimated using various

methods [49–52].

Figure 2.9: Schematics of wetting con�gurations outside and underneath the drop. Diagram from
Smithet al. (2013).
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2.2 Contact-line Pinning

Figure 2.10: Possible thermodynamic states of a water droplet placed on a lubricant-impregnated
surface. The top two schematics show whether or not the droplet gets cloaked by the lubricant.
For each case, there are six possible states depending on how the lubricant wets the texture in the
presence of air (the vertical axis) and water (horizontal axis). Diagram from Smithet al. (2013).

A key difference between SLIPS/ LIS and other water shedding surfaces is the formation of what is

known as a wetting ridge [53]. This is the apparent movement of the oil up the side of the droplet.

To better understand the interactions between a droplet and a liquid infused porous surface, one can

consider a droplet on an immiscible liquid. The droplet deforms the liquid it is sitting on to create

a lens shape [54] as in �gure 2.11a, the three contact angles form what is known as a Neumann

triangle [55] shown in �gure 2.11b. This triangle is constructed from the three surface tensions

and each of the contact angles. These three angles remain constant even in a SLIPS con�guration,

where the base liquid becomes very thin, giving rise to the appearance of a wetting ridge [53]

shown in �gure 2.11c. This ridge can make it dif�cult to observe the contact line dynamics of the

droplet on a SLIP surface.
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(a) Liquid lens (b) Neumann triangle
(c) Neumann triangle on
SLIPS

Figure 2.11: (a) A droplet (l1) on a liquid surface (l2) forming a liquid lens. (
 �� ) is the surface
tension betweenl2 andair , (
 �� ) is the surface tension betweenl1 and l2, (
 �� ) is the surface
tension betweenl1 andair . �; � and� are the angles made between each phase (b) A Neumann
triangle showing how each of the contact angles and surface tensions effect one and other. (c) A
SLIP surface, where the Neumann triangle is still present.

Slippery Omniphobic Covalently Attached Liquid (SOCAL) Surfaces

Recently, Wang and McCarthy report the creation of a new hydrophobic surface that is an al-

ternative to others such as SLIPS [3]. SOCAL surfaces are created through acid-catalysed graft

polycondensation of dimethyldimethoxysilane onto a smooth �at surface, such as glass, or silicon.

The result is a homogeneous layer of Polydimethylsiloxane (PDMS) grafted to the surface. This

layer of PDMS acts as a liquid-like coating that the water droplet moves freely across, removing

pinning and in turn, reducing contact-angle hysteresis (� � CAH < 1°). This low contact-angle

hysteresis is reportedly the lowest achieved for a solid smooth �at surface.

When the contact-angle hysteresis of a surface is reduced to near zero, there can only be a single

angle - within experimental uncertainty - that the droplet can make with the surface in equilibrium,

the true Young's equilibrium contact angle (equation (2.6)). Currently, the suitability for SOCAL

as a material to be used for fog harvesting is being researched [56]. It is also a potential candidate

to be used in control of the wet-ability of soil, something that will make rare mineral extraction

easier, a �eld with ever increasing demand as resources are used in technology and renewable

sectors [57].

At present the successful creation of SOCAL has been limited, with the water shedding abilities

reported vary in their level of success and detail in the literature. Wang and McCarthy report

contact angles of� A = 104:6 � 0:6° and� R = 103:6 � 0:9°, with tilt angles for motion of4:7°

and1:3° for droplet volumes of3 and20µL respectively [3]. The error bars in these measurements

are the standard deviation from �ve independent measurements for contact angle hysteresis and

three independent measurements for sliding angle. Jinet al. reported contact angles of� A =
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103:0 � 0:3° and� R = 98:2 � 0:4° on silicon substrates [56]. They characterise the hysteresis

by in�ating and de�ating a4µL droplet at a speed of0:5µL s� 1, with each reported measurement

compromising the average of four individual measurements on the same surface. Mizutaniet al.

report static contact as� S = 94:1° and a sliding angle of40° on a nickel substrate for surgical

bone drilling, no contact-angle hysteresis values are reported [58]. Dissipative forces acting on

a droplet moving on several types of low-hysteresis surfaces has been reported by Danielet al.

This includes a SOCAL surfaces with a minimum critical tilt angle between5° and15° to move

a 10µL water droplet but with no values reported for their advancing or receding contact angles

[31]. Wanget al. graft SOCAL to a grooved silicon surface for directional droplet control. They

measure� A = 106:7°, � R = 104:2° and sliding angle� � = 15:1 � 3:5° for 5µL water droplets

[59]. Zhaoet al. take a different approach than the volumetric method to characterization of

advancing an receding contact angle [60]. SOCAL coated glass and silicon samples are placed

on a temperature controlled stage. A piezoelectric dispenser is set 5-10 mm above the substrate,

micro-scale droplets are dispensed allowing droplets to accumulate into larger droplets at20� C

at a rate of150 Hz. This was recorded as the advancing angle. The receding angle was taken

by allowing the same droplet to evaporate and measuring the angle.� A = 104:7 � 0:5°, � R =

m103:5 � 0:4° and� � CAH = 1 :1 � 0:6° on silicon. � A = 108:3 � 0:6°, � R = 103:9 � 0:5°

and� � CAH = 4 :4 � 0:8° on glass taken from the average of 5 independent measurements on a

substrate.

2.3 Droplet Evaporation

Far away from any surface - providing the surrounding atmosphere is not saturated with the vapour

of the liquid and there are no currents of air - an aerosol droplet of liquid will evaporate outward

in all directions [6]. The spherical shape of small airborne droplets is deformed when in contact

with a solid surface. Providing there is no contact line pinning, the small droplet forms an axially-

symmetric spherical cap shape and can no longer evaporate equally in all directions because the

diffusion is limited by the surface. The shape of the droplet on the surface can be de�ned by the

contact angle, therefore, the contact angle will effect how the liquid vapour diffuses around the

droplet ultimately effecting the evaporation rate. In practice, most surfaces exhibit contact-line

pinning to some extent which can have practical consequences for applications that utilise droplet
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evaporation. A famous example of contact-line pinning is non-uniform particle deposition known

as the coffee-ring stain effect [22]. Contact-line pinning can cause problems from, preventing

uniform delivery of the active compounds in pesticides to non-uniform �uorescence in spotted

microarrays [61–63]. Contact line pinning during evaporation can be removed via active means,

such as surface acoustic waves [64], or by high frequency AC electrowetting [62]. Due to the

importance of evaporation of sessile droplets to a wide range of physical processes, the literature

is extensive (see the reviews by, e.g., Erbil [6], Cazabat & Guéna [65], and Larson [66]). In

general, the evaporation rate due to diffusion through the liquid-vapour interface is given as [65]

d

dt

= �
D
�

Z
r C � dS (2.11)

whereD is the diffusion coef�cient of the vapour and� is the density of the liquid and5 C is the

vapour density integrated over the surface of the droplet.

2.3.1 Aerosol Droplet

A droplet in free space will adopt a spherical shape as this will minimise the surface free energy.

The volume,
 , of the liquid can therefore be de�ned as.


 =
4
3

�R 3 (2.12)

whereR is the spherical radius. As there is no obstructions to the vapour, the droplet will evaporate

radially outward in all directions (�gure 4.16 (a)) [6]. The diffusion through the surface of the

sphere of liquid will be de�ned as

d

dt

= �
4�RD � c

�
(2.13)

whereR is the spherical radius of the droplet and� c = c1 � c0 is the change in concentration

is assumed to be radially outward and equal to(c1 � c0)=R wherec1 andc0 are the vapour

concentrations of the vapour far removed from the droplet and close to the droplet.
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Figure 2.12: (a) A sphere of liquid in free space. (b) A spherical cap of liquid on a surface. At
angles other than� = 90° the vapour gradient becomes more complex, discussed in section 2.3.2.

2.3.2 Model of Diffusion-limited Evaporation

Geometric Description of Evaporating Sessile Droplets

If the droplet is placed on a pinning-free surface where the spreading coef�cientS < 0, and the

droplet is below the capillary length� � 1, the droplet will adopt an axially symmetrical spherical

cap shape with well-de�ned geometric parameters that can be measured from side pro�le images.

These parameters include the spherical cap radiusR, contact radiusr , contact angle� and droplet

heighth. The relationship between these parameters can be de�ned as

R =
�

3

� (2 � 3 cos� + cos3 � )

� 1=3

h = R(1 � cos� )

r = R sin �

tan
�

�
2

�
=

h
r

The presence of the solid surface limits the diffusion of the droplet as shown in �gure 4.16 (b).

The concentration gradient is assumed to be radially outward and equal to(c1 � c0)=R wherec1

andc0 are the vapour concentrations of the vapour far removed from the droplet and close to the

droplet. Combining the geometrical assumptions with the concentration gradient model (2.11),
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the evaporation rate can be expressed as

d

dt

= � 2�Rf (� ) (2.14)

where

� =
2�D (cs � c1 )

�
(2.15)

f (� ) is a complex function of the contact angle the droplet makes with the surface.

Ideal Modes of Evaporation

In practice, sessile drop evaporation is subject to contact-line pinning to some extent. Picknett &

Bexon provided an analytical model describing the ideal case of diffusion-limited evaporation of

a sessile droplet in the absence of gravity, including an exact solution for the complex function

of the contact anglef (� ) and a polynomial interpolation of their solution [67]. Their analysis

identi�ed two ideal modes of evaporation [67]. The �rst corresponds to a Constant Contact Radius

(CCR) mode, where the apparent contact angle decreases during evaporation. Since the CCR mode

of evaporation requires complete pinning of the contact line, it can be achieved experimentally

and has been widely studied [68]. The second mode is a Constant Contact Angle (CCA) mode

evaporation, where the contact angle is expected to retain a constant value approximating the

contact angle predicted by Young's law whilst the square of the base radius of the droplet decreases

linearly in time.

The observation of the CCA mode evaporation on a smooth (non-textured) �at solid surface re-

mains elusive because it requires complete mobility of the contact line, and the roughness of

ordinary �at solid surfaces always results in some contact line pinning. Instead, many experimen-

tal studies have reported a stick-slip mode of evaporation, whereby the droplet's contact line is

repeatedly pinned until the force from the out-of-equilibrium contact angle increases suf�ciently

and a de-pinning event and rapid contact line motion occurs. Stauber et al. add further understand-

ing describing another mode of evaporation known as stick-slide mode of evaporation, where the

contact line and contact angle decrease at the same time. They provide a model to predict the
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lifetime of evaporating drops in stick-slide mode evaporation [69]. Recent comprehensive reviews

of sessile drop evaporation are given by Erbil [6], Cazabat & Guéna [65] and Larson [66].

Attempts to experimentally observe the CCA mode of evaporation have included the use of super-

hydrophobic surfaces and SLIPS, a type of LIS [47,48]. Super-hydrophobic surfaces take advan-

tage of surface texture to suspend droplets in a Cassie-Baxter state [17] on a small solid surface

fraction thereby reducing the droplet-solid contact area, increasing its contact angle and reducing

contact-angle hysteresis [38]. McHale et al. [70] reported the �rst experiments of this type using

SU-8 textured surfaces with water droplets initially evaporating in CCR mode evaporation, before

retreating in a step-wise fashion as the droplet jumps between micro-pillars and ultimately con-

verting into a Wenzel state where the droplet is impaled in the texture with a completely pinned

contact line [18]. Since then, many works studying evaporation on super hydrophobic surfaces

and the effect of contact-angle hysteresis has been reported [71–76]. In all of these studies, the

surface is no longer smooth, but is textured or rough and hydrophobic, with a contact angle far

from the value given by Young's law for a smooth non-textured solid surface.

A second approach to observing a CCA mode of evaporation was introduced by Guanet al. who

used a SLIPS approach, with a lubricant oil impregnated into a hydrophobic SU-8 textured surface

[77]. The lubricant oil completely coats the solid and is immiscible to water, therefore is not

displaced by it. SLIPS enables droplets to slide at tilt angles of less than 1°. However, the high

mobility of droplets on SLIPS arises by the replacement of the droplet-solid interface by a droplet-

lubricant interface and the removal of all direct contact between the droplet and the solid. On

SLIPS, contact angles and contact radii have to be interpreted as apparent contact angles and

apparent contact radii from the change in slope of the droplet close to the surface. Guanet al.

were able to observe the pinning-free evaporation of water droplets on SLIPS and interpret their

evaporation using the Picknett & Bexon diffusion-limited model, modi�ed for the presence of a

wetting ridge of the impregnated oil which surrounds the droplet's base [77]. Ultimately, neither

of these two approaches have provided observation of the evaporation of sessile droplets on �at

smooth (non-textured) solid surfaces without contact line pinning. A key challenge remains the

ability to remove contact line pinning during evaporation of sessile droplets from non-textured

solid surfaces.
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Model of Constant Contact Angle Mode Evaporation

Now focusing speci�cally on the model of constant contact angle mode evaporation. An exact

solution for f (� ) was derived by Picknett & Bexon [67] and they gave a numerically accurate

polynomial interpolation forf (� ) covering the entire contact angle range,

f P B (� ) =

8
>><

>>:

1
2(0:6366� + 0 :09591� 2 � 0:06144� 3) 0� < � � 10�

1
2(0:00008957 + 0:6333� + 0 :116� 2 � 0:08878� 3 + 0 :01033� 4) 10� < � � 180�

(2.16)

where� in the series is radians. Geometrically the volume
 can be de�ned as


 =
�� (� )R3

3
(2.17)

where,

� (� ) = (1 � cos� )2(2 + cos � ) (2.18)

looking at side pro�le images of sessile droplets it is often easier to measure the contact radius,r ,

as opposed to the spherical radius,R, therefore substitutingR3 for r 3

sin3 �
gives


 =
�
3

� (� )r 3

sin3 �
(2.19)

To look at the loss of volume in time due to evaporation during constant contact angle evaporation,

we �rst integrate 2.19 with respect to time

d

dt

=
�� (� )r 2

sin3 �
dr
dt

(2.20)
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R in equation 2.14 can be substituted forr= sin �

d

dt

= �
2�r
sin �

f (� ) (2.21)

rearranging 2.20 fordr=dt and substitutingd
 =dt for 2.21

dr
dt

=
sin 2�
�� (� )

1
r

(� 2�f (� )) (2.22)

d(�r 2)
dt

= �
2� sin2 �f (� )

�� (� )
(2.23)

Integrated to giver 2

�r 2 = �
D � cf (� )

�� (� )
t + constant (2.24)

when�r 2=t = m is the gradient of a straight line. This result shows the contact area of the droplet

evaporating in constant contact angle mode evaporation decreases linearly in time.

Calculation of the Diffusion Coef�cient

It is possible to calculate the diffusion coef�cient from experiments observing evaporating sessile

droplets in constant contact angle mode evaporation, measuring the decrease in contact radius (or

contact area) in time. Equation 2.24 can be rearranged forD to give the following

D =
m�� (� )
8� cf (� )

(2.25)

c0 is obtained fromKaye and Laby Tables of Physical and Chemical Constants[12] A polynomial

�t of this data gives a calculated relationship between saturation vapour density to be

Saturation vapour density= 0 :0004T3 + 0 :0053T2 + 0 :3759T + 4 :7736
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The actual vapour density is calculated using the following relationship

Relative humidity=
Actual vapour density

Saturation vapour density� 100%

Similar to saturation vapour density, the literature value for the diffusion coef�cient can be taken

from the CRC handbook of chemistry and physics constants[10] and a relationship be given

as

D = 0 :0024T � 0:4677

2.3.3 Droplet Lifetime Dependence on Contact Angle in Constant Contact Angle

Mode Evaporation

The lifetime of drying droplets is important for many applications including heat exchange [8],

particle deposition [63] and inkjet printing [7]. Understanding how the contact angle of the droplet

may effect time lifetime of the droplet is therefore important. For example, in inkjet printing when

multiple droplets are deposited in the same location to increase the thickness of deposited material

while keeping the increase of the width to a minimum, the subsequent drop should impact after

the former drop has evaporated. To understand this dependence we can look at the rate of change

in the contact area in time.

d(�r 2)
dt

= �
4� sin2(� c)f (� c)

� (� c)
(2.26)

where� c is the constant contact angle, that is the contact angle does not change during the droplet

lifetime. Because the contact angle is constant, the contact area change in time is linear, this is

determined by its initial value�r 2
i (t f = 0) .

�r (t)2 = �r 2
i �

4� sin2(� c)f (� c)t
� (� c)

(2.27)

The droplet lifetime is de�ned as the time when the contact area vanishes i.e. the value oft f for
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which �r 2(t f ) = 0 and can be written from (2.27) as

t f (� c; r i ; � ) =
�r 2

i � (� c)
4�f (� c)

(2.28)

The droplet lifetime can also be de�ned by the volume using the relation between the volume and

contact radius

t f (� c; 
 i ; � ) =
3

4�f (� c)

�
�� (� c)
 2

i

c

� 2=3

(2.29)

The total lifetime of the droplet during constant contact angle evaporation of a spherical cap shaped

sessile droplet depends on the value of the contact angle and the initial contact radius (or volume),

and a parameter� , combining the diffusion coef�cient, density of liquid vapour concentration

difference.

2.4 Electrowetting

In previous sections modi�cation of a surface has been discussed to obtain different wetting prop-

erties. However it is possible to modify the apparent wettability though the application of an

electric �eld. Electrowetting is a widely used tool that allows for the manipulation of droplets on

surfaces. In particular Electrowetting-on-Dielectric (EWOD) where the solid-liquid contact area

of a sessile droplet acts as one electrode in a capacitive sandwich structure thereby allowing the

contact angle to be reduced by the application of a voltage. [78,79] Electrowetting can manipulate

and control droplets and has applications including, e.g., micro�uidics, [80–82] liquid lenses [83]

and opto�uidics, [84] but often the surface properties of the dielectric and its hydrophobic coating

causes contact line pinning. This can be overcome using a SLIPS coating as shown by a number

of authors (e.g. [85,86]).

2.5 Electrocapillarity and Electric Double Layer Theory

The �eld of electrowetting �nds its origins in the late nineteenth century with the discovery of

electrocapilarity by Gabriel Lippmann. He performed a series of experiments investigating the
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capillary rise of mercury in glass capillary tubes (�gure 2.13).

Figure 2.13: Lippmann's electrocapilarity exper-
iment: (A) Reservoir of mercury, (B) electrolytic
solution of water and sulphuric acid with mer-
cury at the bottom of the beaker, (M) position
of mercury meniscus in glass capillary and (�
and� ) platinum probes to voltage source. Figure
Adapted from Lippmann (1845). English trans-
lation in Mugeleet al. (2005).

He found that by applying a voltage between the mercury and an electrolytic solution the meniscus

height varied with voltage. From these measurements he deduced the electrocapillary equation

known as Lippmann's equation. It relates the charge density at the interface of the mercury and

electrolytic solution,� to the voltage,V dependence of the surface tension,
 ,

� = �
d

dV

(2.30)

When a solid electrode is submerged in an electrolytic solution and a voltage is applied, ions of

opposite charge in the solution redistribute and are attracted to the electrode while ions with the

same charge are repelled. The ions that are attracted to the electrode form what is known as an

Electric Double Layer (EDL) whose thickness is typically of the order of a few nanometres. The

EDL continues to form and grow until the electric �eld vanishes in the bulk of the electrolyte due

to the screening [87]. However, application of more than a few millivolts will cause an electrical

current that degrades the system and electrolysis of the solution. The failure of the system in this

way is the motivation for EWOD.
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2.5 Electrocapillarity and Electric Double Layer Theory

2.5.1 Standard Model of Electrowetting on Dielectric (EWOD)

In modern electrowetting, a dielectric is used to protect the device from short circuits a common

issue in electrowetting on a conductor [79]. This is completed by using a conductive surface

layered with a solid insulator, then using a conducting liquid drop (�gure 2.14). The liquid-solid

contact area acts as a capacitor, as a voltage is applied, the surface energy increases. This causes

a spreading of the drop as it attempts to reduce the free energy of the system. A limitation with

EWOD is the limit where the droplet will spread no further, meaning �lms of liquid cannot be

induced [79]. However, recently Xiangminget al. report a lower-than-saturation contact-angle can

be achieved by reversing the polarity of the applied voltage in a well-modulated way that charges

and discharges the trapped potential [88]. The quasi-static contact angle made between the surface

and the droplet is de�ned as a function of the applied voltage dependant on the dielectric properties

and thickness of the insulating layer (eq.2.31) [79].

cos� (V ) = cos � e +
� 0� d

2d
 lv
V 2 (2.31)

whereV is the applied voltage,� is the contact angle,� e is the equilibrium contact angle atV = 0 ,

� 0 is the permittivity of free space,� d is the dielectric constant of the insulator,d is the insulator

thickness and
 lv is the liquid-vapour surface tension. The dielectric properties can also be written

as the capacitance per unit areacd = � 0� d=d.

Figure 2.14: A water/ salt solution droplet in a EWOD con�guration.d is the dielectric thickness
and� V is the contact angle under applied voltage,V .

For the previously described contact-angle voltage relationship are based on a static relationship.

When the voltage is adjusted slowly, the contact-angle can follow closely. In AC EWOD, if

the frequency of the signal is greater than the hydrodynamic response of the droplet, the liquid
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responds to RMS of the applied voltage and therefore, RMS is used in equation 2.31.

Frequency-Dependant Electromechanics of Droplet Electrowetting Behaviour

The standard Young-Lippmann equation (2.31) does not depend on the sign of the signal nor

the AC frequency. If the frequency of the applied AC signal is modulated, the response that is

observed depends on the frequency range [87]. There are two characteristic frequency regimes in

electrowetting; hydrodynamic resonant frequency and electrical transition frequency. For typical

drop sizes in electrowetting (microlitre), the hydrodynamic resonant frequency is in the range of

tens to hundreds ofHz. In this frequency regime the droplet contact angle and shape will follow

the predicted behaviour quasi-statically. The electrical transition frequency is where the droplet

transitions from a perfect conductor behaviour, to a dielectric. This behaviour is dependant on

the conductivity, dielectric constant and geometry of the droplet. This is typically in the range of

several tens to hundreds ofkHz. Below this critical frequency, the droplet responds to the time

average of the applied voltage. For a sine wave voltageV(t) = Vpp sin !t where! = 2 �=�

andVpp is the peak-to-peak applied voltage. The Young-Lippmann equation for time-averaged

apparent contact angle is therefore,

cos� RMS (VRMS ) = cos � e +
� 0� d

2d
 lv
V 2

RMS (2.32)

Because the AC Young-Lippmann equation is the same as the DC Young-Lippmann equation ex-

cept the RMS voltage is used instead of peak-to-peak voltage, the RMS subscript is often omitted

in the literature. However, as the frequency of the signal approaches the electrical transition fre-

quency, the contact angle increases for a �xed voltage at increasing frequency [89]. Beyond this

critical value, as the droplet behaves like a dielectric and begins to increase in resistivity, the tem-

perature of the droplet can begin to increase [90,91]. Jones & Wang investigate the electrowetting

response in the high frequency regime and provide a simple RC circuit model to predict the fre-

quency dependant behaviour [92]. Ying-Jiaet al. show experimentally the frequency dependence

in high frequency electrowetting [93].
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2.5.2 Dielectrowetting

The issue of contact angle saturation can be overcome using dielectrowetting [84, 94–97]. This

involves placing a dielectric droplet onto a structure of interdigitated electrodes (�gure 2.15).

When a voltage is applied to this surface, a non uniform electric �eld is generated, which polarises

dipoles within the liquid close to the liquid solid interface. This energy imbalance causes the liquid

to spread with the increasing voltage. In this technique, liquid �lms can be induced.

Figure 2.15: A droplet sat on top of a dielectrowetting surface, on the left, is a droplet in equilib-
rium, whereV = 0 . Right is a droplet after a voltage is applied. The droplet spreads along the
electrodes. Diagram taken from (Edwards et al. 2018).

The cosine of the contact angle the liquid makes with the surface is again a function of the applied

voltage-squaredV 2 (eq.2.33), as with electrowetting. However rather than a dependence on the

insulator thickness, such as in electrowetting , it is dependant on the penetration depth of the non-

uniform electric �eld, � , into the liquid. The penetration depth is related to the width and gaps

between the interdigitated electrodes,d by � = 4d=� [84].

cos� (V ) = cos � V +
� 0(� l � 1)

2
 lv �
V 2 (2.33)

where� l is the dielectric constant of the liquid. A limitation of both electrowetting and dielec-

trowetting is high contact angle hysteresis. That is the droplet getting pinned as it moves across the

surface causing changes in the contact angle between the solid and the liquid. Recently progress

has been made to overcome this pinning, using SLIPS to reduce or even remove the contact angle
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hysteresis [98].

2.6 Quartz Crystal Microbalance QCM

QCM is a method of measuring small mass changes per unit area on a surface by measuring the

change in resonant frequency of a quartz crystal resonator. Quartz is a crystalline material which

can experience the piezoelectric effect. The piezoelectric effect is the accumulation of electric

charge in certain materials as a response to mechanical charge. in QCM this effect is utilised

by applying an alternating current to electrodes on a quartz crystal which will induce thickness

shear mode vibrations. These vibrations can be extremely stable and accurate, allowing precise

measurement of the resonance frequency. The resonant frequency of the quartz crystal resonator

is dependant on the intrinsic properties of the crystal with most equipment able to measure the

accuracy of this to within a resolution ofHz for crystals of fundamental resonant frequency of

5 MHz. If a mass is added to the quartz crystal resonator then the resonant frequency will shift.

The Sauerbrey equation is used to to convert the change in resonant frequency to a change in

mass [99].

� f = �
2f 2

0

Ap � q� q� m
(2.34)

where,f 0 is the resonant frequency of the unloaded crystal,� f is the frequency change (Hz), � m

is the change in mass (g), A is the area between the electrodes (cm2), � q is the density of quartz

(2:646 gcm� 3) and � q is the shear modulus of quartz (2:947� 10� 10 gcm� 1s� 2). Sauerbrey's

equation only applies to systems where the mass is rigid, evenly distributed and� f=f < 0:05.

Kanazawa and Gordon describe frequency shift and damping when the QCM is in contact with a

liquid [100]. This sensitivity to mass deposition allows deposition of monolayers and (potentially)

adsorbed mass to be monitored and measured. typically QCM measurements are taken in a hu-

midity and temperature controlled environment so there is no expected change in behaviour due

to temperature increase caused by the resonance of the crystal.
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2.7 Conclusion

This chapter has given an overview of concepts and theories on how liquids interact with solid

surfaces. This included how the balance of the surface tensions of the three phases de�ne the

shape of sessile droplets in the ideal case. It highlights a critical issue of contact-line pinning,

that prevents the ideal Young's contact angle being achieved in various applications. A review

of three surfaces that look to prevent contact line pinning are given, superhydrophobic, SLIPS

and SOCAL surfaces. The theory of evaporation for both aerosol droplets and sessile droplets

resting on a solid surface. The model of diffusion limited evaporation and the droplet lifetime

dependence on contact angle is shown. The basic model of EWOD. These concepts together

with the literature detailed in this section are the foundation of the work presented in this thesis.

The next chapter details the experimental methods and techniques used to study sessile droplet

evaporation on pinning-free surfaces from manufacture and characterisation of the surfaces, to

measurements of there geometry during evaporation in controlled environments and with added

potential difference through electrowetting.
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Chapter 3

Materials & Experimental

Techniques

This chapter describes the methods used to make and characterise a surfaces repellance to liquids,

more speci�cally in this thesis the liquid to be repelled is water. The standard technique to charac-

terise a surfaces properties is through contact-angle hysteresis measurements and sliding angles.

Surface roughness can be measured through the use of pro�lometry. The adsorption of a liquids

to a solid surface can be measured using QCM. Once these standard techniques are understood

then the manufacture of slippery surfaces can be studied, using the aforementioned techniques to

quantify their liquid shedding properties. Once slippery surfaces have been made and have been

characterised to have good liquid shedding properties, experimental design and setup is discussed.

This includes the creation of a bespoke humidity chamber. This is used both in the manufacture

of SOCAL and to allow the observation of slow evaporation in a high humidity environment. The

symmetrical nature of sessile droplets allows for useful information to be obtained from side pro-

�le images. Finally this chapter concludes with the basic electrowetting experimental setup.

3.1 Surface Characterisation

3.1.1 In�ation/ De�ation Contact-Angle Hysteresis

As previously described, a sessile droplet in thermodynamic equilibrium will form a contact angle,

� e based on the three interfacial tensions (2.6). This contact angle is rarely observed in practice
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due to contact-line pinning. Consider a sessile droplet on a surface with a thin capillary needle

place in the centre of the droplet (�gure 3.1 (a)).

Figure 3.1: contact-angle hysteresis measurement stages:(a) Droplet in thermodynamic equilib-
rium with a thin needle inserted into centre. (b) Same liquid as droplet pumped in, Contact angle
increases, base radius constant. (c)� A taken as angle instantly before radius increases.(d) Droplet
in thermodynamic equilibrium with a thin needle inserted into centre.(e) Liquid pumped out, Con-
tact angle decreases, base radius constant. (f)� R taken as angle instantly before radius decreases.

If liquid from the needle is dispensed into the droplet the contact angle observed would begin to

increase while the base radius remains pinned (�gure 3.1 (b)). At some point the radius of the

droplet would begin to advance (�gure 3.1 (c)). The contact angle at the moment the contact line

begins to move is known as the advancing angle� A . This is the largest angle a droplet can sit on

a surface without the contact line moving to try and return to equilibrium. To observe the smallest

angle a droplet can take on a surface without the movement of the contact-line, again a droplet is

placed on a surface with a thin needle in its centre (�gure 3.1 (d)). This time liquid is pumped out

of the droplet causing the contact angle to decrease while the contact line remains pinned (�gure

3.1 (e)). Eventually the contact line will de-pin causing the droplet to begin to retract across the

surface, the contact angle just before the contact line begins to move is known as the receding

angle,� r (�gure 3.1 (f)).
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Figure 3.2: contact-angle hysteresis measurement plot of contact angle and contact radius in time

In practice the contact-angle of a stationary droplet on a surface will be between the bounds of

the advancing and the receding angle. The difference between the two is known as the contact-

angle hysteresis,� � CAH . The larger the contact-angle hysteresis, the more dif�cult it is to move

a droplet [3, 27, 31]. A drop must distort from the spherical cap shape in order to move if there is

any difference between� A and� R . Distorting the droplet requires the application of a force [101].

F = 2 r
 lv (cos� R � cos� A ) (3.1)

where F is the dissapative force acting on the droplet and r is the droplet radius. Contact-angle

hysteresis makes it dif�cult to observe the true equilibrium contact angle as de�ned by the three

surface tensions,� e. The true value of� e lies between the advancing and receding angle� R <

� e < � A . As contact-angle hysteresis reduces, the envelope of angles a droplet can sit on a surface

in equilibrium reduces, until there is only a single angle a droplet can take with a surface� e. This

can be seen visually on a plot of the contact angle and radius in time of the contact-angle hysteresis

measurement (�gure 3.2).
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3.1.2 Sliding Angle

While contact-angle hysteresis is a useful measurement, it is not always possible to take clear side

pro�le measurements of a droplets contact angle. On SLIPS when there is an excess of oil, a

wetting ridge is visible. This wetting ridge makes it dif�cult to measure the contact angle. The

sliding angle,� is characterised as the angle at which a droplet �rst begins to slide on a surface

[101, 102]. A droplet of a �xed volume is placed on a surface, the surface is then very accurately

(� 0:2 degrees) tilted, the angle where the droplet begins to move continuously is measured as

the sliding angle. As the force acting upon the droplet is a component of the gravitational force, it

changes with with mass,m, F = mg sin � [30], it is important to consistently use the same volume

droplet, unlike contact-angle hysteresis measurements, which do not depend on volume.

(a) (b)

Figure 3.3: Side pro�le image of a water droplet on (a) SOCAL, where a de�ned contact angle
with the solid surface is clearly visible (b) SLIPS, where a wetting ridge is present preventing
direct measurement of the contact angle. SLIPS image from Guanet al. (2015).

3.2 Materials & Surfaces

There are two types of surface used in this thesis to remove contact line pinning SOCAL and

SLIPS. In this section the manufacture and characterisation of these surfaces is detailed.

3.2.1 Glass Cleaning Method

To produce samples on glass slides, it is important to thoroughly clean the glass before adding

the SOCAL or SLIPS layer. This ensures the glass substrates are free from contaminants and are

beginning with the same initial conditions when the surface is prepared. New glass slides are

removed from their plastic wrapper and are rinsed with De-ionised (DI) water to remove any large

debris. 20 glass slides (25� 75 mm) are placed into bespoke designed 3D printed glass slide holder
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that �ts into a standard500 mLlaboratory beaker. The glass slide holder is designed in such a way

to grip the slides at the bottom maintaining minimal contact to ensure effective cleaning of the

entire face of the slide (�gure 3.4). The slides in the slide holder are submerged in DI water in the

500 mL beaker. 3% Decon90 (Decon Laboratories Limited) is added to the DI water, the mixture

is then sonicated in a sonic bath (Fisherbrand™ S-Series) at room temperature for 30 minutes as

per the Decon90 manufacturer guidelines. Decon90 is used to remove smaller contaminants that

may not have been removed by the DI water rinse. The sonic bath is used to agitate the samples to

further promote removal of contaminants. After this time, the glass slide holder is lifted out of the

beaker and again rinsed with DI water to remove any remaining Decon90. The glass slide holder is

then placed in a fresh beaker of DI water without Decon90 and sonicated again for an additional 30

minutes. This removes any excess cleaning agent from the glass slides. The glass slides are then

removed from the holder and rinsed with acetone (Fisher Chemical) then immediately after with

Isopropyl Alcohol (IPA) (Fisher Chemical). Acetone can leave a residue when dried which the

IPA removes. This solvent rinse step is an additional measure to remove any remaining Decon90

mixture. The glass slides are then air dried in a fume cupboard until IPA has visibly evaporated

(within a few seconds) as opposed to using compressed air which can reintroduce dust and debris

onto the surface. The glass slide is then inspected and the solvent rinse step is repeated if the glass

is streaky. Once complete, the glass slides are stored in individual plastic petri dishes until they

are to be coated. While SOCAL could be prepared on glass slides which have been cleaned via

less rigorous methods, any surfactants on the surface can present issues in coating uniformity so a

thorough cleaning regime is recommended.

3.2.2 Preparation of SOCAL

SOCAL was �rst created by Wang & McCarthy in 2016 [3]. Since then, at the time of writ-

ing, this article has received over 125 citations, highlighting its signi�cance. Of those citations,

only six have reported successful creation of SOCAL surfaces and even then, with varying suc-

cess [3, 31, 56, 58–60]. To make SOCAL surfaces for the experiments in this thesis, Wang &

McCarthy's method was adapted to speci�c equipment available and with process parameters it-

eratively developed until a reproducible and low contact-angle hysteresis method was achieved.

Glass slides which had been cleaned by the above method are placed into a Henniker plasma

cleaner (HPT-100) at30 W power for20 min. This step adds Oxygen-Hydrogen (OH) radicals to
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Figure 3.4: 3D printed slide holder: the grooves at the base hold the slides securely without
obstructing the face of the slide where the surface will be coated.

the surface, which will allow the PDMS chains to attach and grow to the surface. The effect of

changes to the plasma time and power are studied and detailed in the subsequent sub-sections. The

slide was then dipped into a reactive solution of IPA, dimethyldimethoxysilane (Sigma Aldrich),

and sulphuric acid (Fisher Chemical)(90, 9, and1 %wt.) for 5 s, and then slowly withdrawn (�gure

3.5 (a)). The choice of solvent, acid and silane and their concentrations is studied in depth by Wang

& McCarthy and characterise the SOCAL by the contact-angle hysteresis and coating thickness.

For the method used in this thesis, the recipe with the lowest contact-angle hysteresis has been

used. The OH radicals also increase the surface free energy, allowing liquids to wet more easily to

the surface. This allows a �lm of liquid to form on the surface more easily. It is observed that with

inadequate plasma cleaning power or time, the reactive solution can visibly de-wet from the sur-

face after dip coating. This prevents a homogeneous reaction occurring across the entire surface,

which is undesirable. The slides were then placed in a bespoke humidity-controlled environment

at60 %Relative Humidity (RH) and25� C for 20 minute. During this step, an acid-catalyzed graft

polycondensation of dimethyldimethoxysilane creates a homogeneous layer of PDMS grafted to

the surface (�gure 3.5 (b)). The relative humidity during the reaction process is studied by Wang

& McCarthy for relative humidities of 12, 30, 55 and 65%. As their results show large variations

of contact-angle hysteresis with changing relative humidity (1° < � � CAH < 20°), the effect of

relative humidity on contact-angle hysteresis is studied in the subsequent sub-section. Unreacted
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Figure 3.5: SOCAL preparation method: (a) plasma treated clean glass slide dipped in reactive
solution, (b) PDMS chains grow in high humidity environment, (c) un-reacted solution rinsed
off aft 20 min leaving uniform even coating of SOCAL. Figure adapted from Wang & McCarthy
(2016).

material was then rinsed away with DI water, then IPA, and then toluene (Fisher Chemical) (�gure

3.5 (c)).

As dimethyldimethoxysilane is hygroscopic, the reactive solution was prepared in100 mL wide-

mouthed screw top bottles, that allow dipping of the glass slides directly without the need to

decant, limiting the reactive solutions exposure to moisture in the air. Should the solution expire, it

visibly de-wets from the surface of the dipped glass slide rather than producing a desired uniform

thin �lm. To prevent expiration of the solution, new solution to make samples was prepared

approximately every two months. To prepare the reactive solution91:45 mL IPA is poured into

screw cap bottle measured using100 mLgraduated cylinder.8:16 mL dimethyldimethoxysilane is

measured using a syringe to the IPA and mixed using glass stirrer for30 s. A volumetric pipette is

used to slowly add390µL sulphuric acid while stirring with glass stirrer. These give the volumes

of each chemical as reported by Wang & McCarthy. The solution was left to stand for30 min at

room temperature before being used. It is important to note the reactive solution must be mixed

in the above stated order (IPA, dimethyldimethoxysilane, sulphuric acid) to prevent exothermic

reaction of the IPA and sulphuric acid.

Characterisation of Contact-Angle Hysteresis

To characterise the SOCAL, an in�ation/ de�ation contact-angle hysteresis method was used.

Contact-angle measurements were carried out using a Krüss Drop Shape Analyzer (DSA 30) and

Krüss DSA4 software. A4µL droplet of DI water was dispensed onto the surface at room tem-

perature (20-25� C). A video sequence at 5 frames per second captured the in�ation and de�ation

of the droplet to determine advancing and receding contact angles. The droplet was in�ated by
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2µL at 20µL min � 1, left to stabilize for5 s, and then,2µL was withdrawn at1µL min � 1. A

slow withdrawal speed was used for contact-angle hysteresis measurements to limit the risk that

the measured angles were dynamic angles. In all reported measurements, the advancing angle,

� A , is the angle immediately before the droplet radius begins to increase. Similarly, the receding

angle,� R , is the angle immediately before the droplet radius begins to decrease. Each reported

contact-angle hysteresis value,� � CAH = ( � A � � R ), is the average of contact-angle hysteresis

values measured at three different locations on the SOCAL-treated glass slide. The error bars on

these measurements is the standard deviation, this is inline with how Wang & McCarthy report

the contact-angle hysteresis to allow a direct comparison of their surfaces and the ones produced

for this thesis. It must be noted however, this does not account for errors in �tting methods and

errors in the base radius so there is a larger level of uncertainty which is discussed in section

(3.3.2).

Reaction Parameters

To produce SOCAL reliably and consistently with low contact-angle hysteresis, the following

parameters need to be controlled and optimised: plasma exposure time; the relative humidity the

reaction takes place, and the reaction time. With the plasma cleaner set to100 Watt power and

varying the treatment duration from30 s to 30 min, a minimum in the contact-angle hysteresis

occurs at5 min plasma time (� � CAH = 1 :8 � 0:7°) shown in �gure 3.6 (a). Although very

low, this contact-angle hysteresis is larger than previously reported by Wang & McCarthy [3]. By

reducing the plasma power to30 W, the time sensitivity of the contact-angle hysteresis is reduced

to achieve (� � CAH = 0 :9 � 0:3°) with 20 min plasma cleaning time (�gure 3.6 (b)). To assess

the reproducibility and the uniformity of results across a surface, the contact-angle hysteresis for

each change in the process parameter was assessed using advancing and receding contact-angle

measurements taken at three different locations on the surface; the average of the results across all

the three locations is reported with its standard deviation.
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(a) (b)

Figure 3.6: Contact-angle hysteresis as a function of plasma power and time, (a)100 W plasma
power and (b)30 W plasma power. The error bars represent the standard deviation of the advanc-
ing angle, receding and and contact-angle hysteresis separately.

With an optimum plasma power and time found at30 W and20 min, the relative humidity within

the reaction chamber was varied to �nd the value which yielded the lowest contact-angle hysteresis

(�gure 3.7). A relative humidity of 60% gives� � CAH = 0 :4 � 0:2°. To con�rm reproducibil-

ity a further six samples are made using the same optimised parameters and characterised using

contact-angle hysteresis (Table 1). The average contact-angle hysteresis of the samples using this

recipe gives� � CAH = 1 :2 � 0:5° showing a reliable and reproducible low contact angle hystere-

sis.

Figure 3.7: Contact-angle hysteresis as a function of contact angle as a function of relative humid-
ity during the reaction process.

43



CHAPTER 3. MATERIALS & EXPERIMENTAL TECHNIQUES

Table 1: Contact-angle hysteresis results for six SOCAL samples made using:30 W plasma power,
30 minplasma time,20 min reactive solution drying time and 60% reactive solution drying relative
humidity. Adv. is the advancing angle, Rec. is the receding angle, Av. is average, S.D is standard
deviation.

Sample Repeat
Adv.
Angle

Rec.
Angle

� � CAH
� � CAH

Av.
� � CAH

S.D.
Adv.
Av.

Adv.
S.D.

Rec.
Av.

Rec.
S.D.

1
1 107.9 106.3 1.6

1.5 0.1 106.6 1.5 105.1 1.52 104.9 103.4 1.5
3 106.9 105.5 1.4

2
1 108.7 106.1 2.6

1.4 1.1 107.0 1.5 105.6 0.82 106.4 106.0 0.4
3 105.9 104.6 1.3

3
1 108.3 107.9 0.4

0.7 0.5 108.0 0.3 107.3 0.82 108.1 107.6 0.5
3 107.7 106.4 1.3

4
1 108.0 106.5 1.5

2.2 0.8 107.9 0.2 105.6 0.82 108.0 105.0 3.0
3 107.6 105.4 2.2

5
1 107.3 106.5 0.8

0.9 0.3 107.6 0.7 106.6 0.42 108.4 107.1 1.3
3 107.0 106.3 0.7

6
1 108.7 108.5 0.2

0.4 0.2 108.5 0.2 108.1 0.42 108.3 107.9 0.4
3 108.4 107.8 0.6

1.2 0.5 107.6 0.8 106.4 0.8

Future Characterisation

While the aim of this study into the parameters was designed in such a way to achieve low hys-

teresis surfaces reliably and reproducibly, there are still many aspects of SOCAL surfaces that

can be characterised and studied. Wang & McCarthy show with ellipsometry that the thickness

of the SOCAL layer increases with longer reaction times [3]. For the reaction parameters used

in this thesis, the expected SOCAL layer thickness is4 nm. Further work could be done to un-

derstand how the other parameters can affect the �lm thickness such as relative humidity and dip

withdrawal speed. The uniformity of the coating can be analysed with Atomic Force Microscopy

(AFM), determining whether pinholes are present.

3.2.3 Preparation of SLIPS

The preparation of SLIPS has been widely documented and has been easily reproduced in the

literature [47, 77, 103, 104]. A common method is to use a pillared SU-8 surface for the oil to
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wick into. The pillared structure is often coated with a chemically hydrophobic layer such as

octadecyltrichlorosilane (OTS) [105] or Te�on [106], this makes the structure superhydrophobic.

Creating a superhydrophobic surface reduces the surface af�nity for water preventing the imbibing

oil from being as easily displaced. If a water droplet was deposited on the superhydrophobic

surface it would sit on top of the pillars in a Cassie-Baxter state with a large> 150° contact angle.

With a pillared structure, the surface must be created on a �at surface on a small scale, which

reduces the possibility of industrial or commercial applications. If photolithography is used to

create the pillared structure, it can be expensive and time consuming. If the oil thickness or the

pillar spacing is too great, a visible oil ridge between the droplet and lubricating layer observed,

this makes characterisation of contact-angle hysteresis dif�cult. Recently the use of hydrophobic

nanoparticles has allowed for conformal SLIPS where the excess oil can be shed until no visible

wetting ridge is present [44, 107–109]. In this thesis, a GLACO™ coating is used with a silicone

oil lubricating layer to make SLIPS. GLACO™ is a silica nanoparticle coated with a hydrophobic

chemical coating. The nanoparticles are sprayed onto a surface out of a can using propellants and

IPA. When the IPA evaporates, a porous nano-structure of particles is left.

Super-hydrophobic Characterisation

The glass substrates are �rst cleaned using the method detailed in section 3.2.1. In a fume cup-

board, the glass slide is placed �at on a paper towel. The GLACO™ is then sprayed uniformly

across the entire surface. The slide is then gently blown with compressed air until the IPA in the

GLACO™ evaporates. This step is repeated for a total of 5 times, then the surface preparation is

complete. To con�rm the application was successful, the surface is now tested for superhydropho-

bic properties, static contact angle� s > 150° and low contact-angle hysteresis� � CAH < 10° [16].

An alternative but equally effective method of applying the GLACO™ nanoparticles is to spray

coat the glass slides while they are held at a45° incline, then remove any excess liquid at the

bottom of the slide using a paper towel. There are then two choices for the drying stage, at either

high or low temperature. At room temperature, the coated slide can be left to air dry for 1 to 3

hours. The slide can be left to dry in an oven for30 min at 250� C. Each method requires 5 coats

to provide the lowest contact-angle hysteresis as shown in previous studies [44,109,110].
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Lubricant Imbibition

Once the superhydrophobic coating is con�rmed it is then imbibed with silicone oil. Various

imbibition techniques are reported in the literature for creating SLIPS using a GLACO™ porous

texture. Ormeet al. use dip coating at various speeds to tune the thickness of the oil layer [108].

Goodbandet al. take a500µL drop of 20 cSt silicone oil placed at the center of the slides and

immediately spin coat at1000 rpmfor 1 min, then500 rpm for 1 min [110]. Keiseret al. simply

introduce the surface to a bath of oil where it spontaneously �lls the textures ensuring over�lling

does not occur [111]. An excess of oil is often undesirable, the water droplets can remove excess

oil as they move across the surface, resulting in changing properties of the surface over time.

McHaleet al. show that the excess oil on an oil infused GLACO™ surface can be removed down

to a conformal layer by rinsing the excess of oil from dip coating, this allows the observation of an

apparent contact angle without a visible wetting ridge [107]. This is the technique used for studies

in this thesis.

When dip coating a solid surface by withdrawal at a constant speed,U, from a bath of the liquid,

the liquid will form a �lm on the surface of the solid of uniform thickness,hd. The �lm thickness

can be calculated by balancing the viscous forces responsible for the coating with the opposing

capillary forces which yields the Landau–Levich–Derjaguin (LLD) equation [112,113]

hd � 0:94
r


 lv

�g
Ca2=3 (3.2)

whereCa2=3 = �U=
 lv is the capillary number and� is the viscosity. For a textured solid,

Seiwertet al. propose a modi�ed LLD equation which accounts for the texture entrapping some

liquid by [114]. As GLACO™ coatings are built on a surface via multiple spray coatings until it

resembles a �at layer, the standard LLD equation can be used [108].

Characterisation

Previous literature has de�ned SLIPS water shedding ability only by sliding angle [44, 47, 108,

109]. However, creation of a conformal SLIPS allows for a clearly de�ned apparent static, ad-

vancing and receding contact angles without the lubricant ridge (as well as characterisation of

the apparent contact angle hysteresis). Characterisation of a conformal SLIPS gives� � CAH =
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0:4 � 0:4° (table 2).

Table 2: Contact-angle hysteresis of a conformal SLIPS with a GLACO™ porous layer.

Repeat
Advancing

Angle
Receding

Angle
� � CAH

1 109.7 109.5 0.2
2 109.5 109.5 0.0
3 109.7 108.8 0.9

109:6 � 0:1° 109:2 � 0:3° 0:4 � 0:4°

Ageing of SLIPS surfaces

SLIPS have a broad range of potential applications due to their water shedding properties discussed

in section 2.2. However, the ageing of the surface is often overlooked, despite it being one of the

biggest problems of self-cleaning surfaces [115]. Previous studies have looked at static storage

in air as the mechanism for oil loss [108, 116], or under external perturbations on a freshly made

surface [117–120]. Durability is assessed in terms of recovery after damage incidents [121–123].

As long as the oil layer is not depleted, SLIPS will retain their slippery properties [124–126]. It is

possible for surfaces to regain their slippery properties if re-imbibed with oil [127].

To understand the ageing effect on the GLACO™ SLIPS used in this thesis, a systematic study

is conducted on the ageing process. This is achieved by immersion into an aqueous solution

of either DI water or0:6 mol NaCl solution, then sonicated in an ultrasonic bath to ensure a

reproducible but accelerated ageing compared to ambient laboratory conditions. This strategy

enables the identi�cation some of the mechanisms responsible for the oil loss and degradation of

the porous layer, including the impact of dissolved salt ions in the aqueous solution that are in

contact with the surface. The ageing of the surface is tracked and linked to nanoscale changes that

occur within the different components. This is achieved by combining macroscopic contact angle

and contact-angle hysteresis measurements. This approach allows for a systematic study into the

effects of ageing across different length scales. The GLACO™ SLIPS surfaces are compared to a

�at smooth dichlorodimethylsilane (DMS)-functionalized surface, imbibed with oil as a reference

to single out the effect of porosity on oil retention. The two surfaces are left in ambient conditions

with periodic measurements of weight and static contact angle (Figure 3.8). The thickness of

the silicone oil layer decreases in time because of the losses to the environment (Figure 3.8(a)).
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The loss is signi�cantly more pronounced for the DMS-LIS, which depletes to below an oil layer

thickness of2µm within 15 days. Static contact angle measurements (3.8(b)) show no evolution

over the GLACO™ SLIPS, but a progressive return to oil-free values for the DMS-LIS. This is

consistent with the almost complete oil depletion measured in �gure 3.8(a).

Figure 3.8: Oil retention ability of the DMS-LIS (Green) and GLACO™ SLIPS (Blue) in air
under ambient laboratory conditions compared to the static contact angle: (a) Oil layer thickness
as a function of time and (b) Static contact angle measurements. The two data sets are independent
and were taken on different samples but placed together for comparison. Each point represents an
average of 3 measurements with its standard error. The solid lines in (a,b) serve as eye guides.
Figure adapted from Goodbandet al. (2020).

To assess the impact of ageing in accelerated conditions, the GLACO™ SLIPS samples were im-

mersed in aqueous solutions containing either DI water or a0:6 mol NaCl (saline) solution and

exposed to pressure waves by ultrasonication. The choice of the saline solution is to mimic condi-

tions in a number of SLIPS applications, such as for medical devices, transport vehicles, and un-

derwater structures. The ageing process used here is harsher than most natural conditions and can

be seen as accelerated ageing. In both liquids, the average contact angle remains unchanged within

error as the infused oil layer thickness decreases �gure 3.9(c), but the spread of the contact angle

values increases rapidly past8 min of sonication (green dashed line). This indicates signi�cant

�uctuations arising with time, presumably due to pinning effects as the oil layer progressively be-

comes patchy. The oil layer thickness �gure 3.9(c) was deduced from weight measurements taken

every30 s(< 5 min) or every60 s(> 5 min) This is despite an exponential decay in the oil layer's

thickness (Figure 3.9(c)). Both solutions exhibit a large spread of measured contact angle values

with a rapid increase past8 min of sonication. This transition approximately coincides with the
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point where the oil layer thickness starts to plateau after an initial rapid decrease shown in �gure

3.9 (c). This behaviour suggests the appearance of defects in the oil layer, with possible localized

exposure of the GLACO™ SLIPS surface underneath. This exposure is localized enough not to

affect the contact angle value on average, but suf�cient to induce droplet pinning and a higher

contact angle variability. Overall, this study shows that the ageing effect on GLACO™ SLIPS can

be signi�cant when exposed to non-ideal environmental conditions. This is a part of a larger study

on LIS which also tracks the changes to the nanoscale structure [110].

Figure 3.9: Accelerated ageing of the model LIS under ultrasonication in DI water and in a0:6 mol
NaCl (saline) solution. For both DI water (a) and saline solution (b), the evolution of the contact-
angle hysteresis is presented in box and whisker plots (black) showing the median value and the
upper and lower quartiles. The standard deviation (green) is shown as a function of sonication
time with a �tted curve serving as an eye guide. Separate samples were used for the contact-angle
hysteresis data (a,b) and the weight measurements in (c) to avoid the extended time periods neces-
sary to take contact-angle hysteresis hysteresis measurements between weight measurements. The
data represents 20 CA measurements taken over 5 different locations for each sample and at each
time step for the box plots (a,b). Figure adapted from Goodbandet al. (2020).

3.3 Experimental Design and Setup

3.3.1 Humidity Chamber

Evaporation of sessile water droplets are sensitive to their environment. Often laboratories are

temperature controlled to maintain consistent experimental conditions. However, humidity is less

often controlled. To ensure repeatability of experiments and because of the sensitivity of the
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SOCAL manufacture process on humidity, a humidity controller was created for experiments.

Compressed air, between0:5 � 1:5 bar is introduced to the system. Two stepper motors open and

close thewet-line(�gure 3.10 (a)) anddry-line (�gure 3.10 (b)) valves proportionally depending

on the difference between the target humidity and actual humidity. The air in thewet line is

saturated by two gas washing bottles, the �rst forces the air through water, where it picks up

moisture, the second prevents large droplets being blown into the chamber (�gure 3.10 (c)). A

Raspberry Pi micro computer to read the input of real time temperature and humidity data in the

chamber where the experiment is being carried out (�gure 3.10 (d)). The Raspberry Pi also has a

9 inch touch screen which allows the user to change the target humidity, calibrate the sensitivity of

the proportional control and view a plot of the humidity and temperature on a scrolling 5 minute

plot. The humidity controller has a 2% dead band where both valves are closed and the humidity

is considered at the target value. The deadband prevents overshoot of the control in place of

full Proportional Integral Differential (PID) control. This system can control relative humidity to

within � 1% of the target value with a range of10 � 80%RH. The range can be further extended

with either additional water reservoirs in the chamber to increase relative humidity or silica beads

to reduce relative humidity.

Figure 3.10: Schematic of humidity control setup: (a) Saturated air line control valve and stepper
motor, (b) dry air line control valve and stepper motor, (c) gas washing bottles to saturate the air
and to catch larger droplets, (d) temperature and humidity sensor for feedback control.

3.3.2 Image Analysis

To study sessile droplets on surfaces, side pro�le images can be taken, the droplet radius and

contact angle can be measured. There are different challenges to overcome to do this. As water is
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transparent, light will re�ect and refract around the droplet making the shape of the droplet dif�cult

to determine. By using a small aperture light, a shadow can be cast around the droplet, creating

a sharp contrast of the droplet and background allowing for easier analysis. For this thesis, two

software solutions were used for the measurement of droplets. Krüss Drop Shape Analysis (DSA)

commercial software and pyDSA python freeware program [128]. The Krüss DSA commercial

software has a stated resolution of0:01° [129].

When analysing images using the pyDSA software, the �rst stage of analysis is to take a side

pro�le image of the droplet, such as in �gure 3.11 (a). To accurately measure lengths in the

images, an object of known length is used to calibrate how many pixels represent a given length.

As the pixels are square, calibrating an image with a horizontal length will allow measurements

in all directions to be carried out. The needle used in experiments is of a known gauge and has a

well de�ned outer diameter which can be used to scale the image, in �gure 3.11 the needle is a

22 gauge needle, which gives an outer diameter of0:72� 0:01 mm according to the Birmingham

gauge scale [130]. The baseline is set manually to the point the droplet meets the surface, the

re�ection of the droplet contact angle from the surface is a good visual cue to this point. Contact

angles close to90° may be dif�cult to determine so care must be taken to select the baseline

from an image within an image sequence away from this value. Vuckovacet al. discuss the

importance of good baseline �tting and resolution of images on the uncertainties in contact angle

goniometry, where a single pixel error can lead to errors of� 0:5° to � 1° for contact angles up

to 150° [131]. The edge detection of the droplet will pick up the syringe needle, preventing an

accurate polynomial �t. The region of interest is selected to remove the needle while keeping the

majority of the droplet in view.
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Figure 3.11: PyDSA Image analysis steps: (a) Side pro�le shadowgraph image taken of droplet,
(b) baseline (blue line), region of interest (red box) and scale (green circles) are manually selected,
(c) droplet contour detected, (d) close up of detected contour showing discrete points, (e)3r d order
polynomial �t of droplet curve from contour points and (f) close-up of contact angle from where
3r d order polynomial �t intersects baseline .

Open Source Computer Vision Library (OpenCV) Canny edge detection function is used to de-

tect the edges of the droplet. This is a multi stage algorithm developed by John Canny in 1986

which detects the edge between two threshold values while �ltering noise to give a single smooth

edge [132]. In the pyDSA software, this returns an array of coordinates of where the edge is

detected (�gure 3.11 (c) and close up (d)). These coordinates are discrete positions, in order to
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obtain the position of the triple-phase point and contact angle a �t of this discrete data is made.

A polynomial �t is made to obtain these values, taking the contact angle from the tangent of the

intersection between the �tted curve and the baseline (�gure 3.11 (e) and close up (f)). The ac-

curacy of the �tting used to measure contact angles of sessile droplets is the subject of research

interest [133, 134]. Quetzeri-Santiagoet al. consider the optimal order polynomial for the �tting

of impacting droplets, and �nd a quadratic �t provides the most consistent results [135]. This

analysis is automated to measure contact angles and droplet radius for entire image sequences,

this information is then exported for further analysis.

3.3.3 Electrowetting

Section 2.4 describes the basic theoretical principles of EWOD. Experimentally, an AC sys-

tem using a signal generator (TTi Instruments TGA1244) to generate a sinusoidal wave with

programmable frequency (1 Hz to 50 kHz) which is then ampli�ed (Trek PZD700A) as a pro-

grammable root mean square (rms) voltage, V, with a range of 0 to600 V (�gure 3.12). A second

channel with a triangle wave can be used to modulate the signal amplitude to allow sweeping

voltages at a constantV s� 1 rate. This functionality allows observation of dynamic contact angles

during changing voltages. The ampli�ed signal is then applied to an aluminium-coated glass slide

(100µm, vapour deposited) as one electrode and a thin metal,0:2 mm diameter, in the centre of

the droplet, as the second electrode.

Different dielectrics such as Te�on™, SU-8, S18-13 and glass are used to alter the electrowetting

properties (discussed in section 5.1). A slippery layer of either SLIPS or SOCAL can be added to

the dielectric layer by the aforementioned methods. This is discussed in more detail in chapter 5.

The droplets of deionized water used in the experiments had KCl and NaCl salts added to ensure

the electrical conductivity required for electrowetting (section 5.2). The thin metal electrode is

lowered into the centre of the droplet after deposition. experiments are conducted at room temper-

ature (22� 2 � C) within a transparent chamber with the ability to control the relative humidity to

regulate the conditions local to the droplet. The chamber also shields the droplet from the presence

of air draughts which might effect the droplet or surface. electrowetting sequences are recorded

using a camera. Contact radius,r , and contact angle,� , measurements are then determined using

open-source pyDSA software. Experimentally, pro�les of the droplet are accurately described by
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Figure 3.12: Electrowetting setup schematic: 2 channel input signal with triangle and sine wave
sends a rate programmable signal into a 0-600 V ampli�er. The ampli�ed signal goes to the
0:2 mm probe and the Aluminium contact.

a spherical cap to within a slight distortion around the electrode needle.

3.4 Conclusion

This chapter gives an overview of that standard experimental techniques to create and characterise

slippery surfaces. This includes the in�ation/ de�ation contact-angle hysteresis measurement

method and sliding angles. Surface preparation including a process for cleaning glass substrates is

detailed. Preparation of SOCAL, including optimisation of the the process to get consistently low

hysteresis surfaces. A method of preparing SLIPS surfaces using nano-particle based GLACO™

is detailed, including a review of different techniques used in the literature to imbibe with silicone

oil. This technique results in the capability to create a conformal SLIPS without a visible wet-

ting ridge, the signi�cance of this result is the ability to characterise the SLIPS surface using the

in�ation/ de�ation method as opposed to sliding angle characterisation.

Experimental setups and methods have also been detailed. A bespoke humidity controller has been

made to control the environmental conditions of the experiments. Image analysis of side pro�le

sessile droplets has been detailed. The electrowetting on dielectric setup has been detailed with

the ability to modulate the signal to allow the rate of change in voltage to be studied along with

�xed voltage experiments. With these materials and experimental techniques and the theoretical

underpinning of the previous chapter, evaporation of sessile droplets on SOCAL surfaces can now

be studied.
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Chapter 4

Evaporation on SOCAL Surfaces

Previous chapters describe the theory of sessile droplet evaporation (section 2.3) and the dif�culty

in observing the ideal CCA mode evaporation (section 2.3.2). A key challenge remains the abil-

ity to remove contact line pinning during evaporation of sessile droplets from non-textured solid

surfaces. In this chapter, experiments of the evaporation of sessile droplets of water on SOCAL-

coated glass surfaces with contact-angle hysteresis of less than1° over a wide range of relative

humidity from 10 to 70% are reported. CCA mode evaporation for small sessile water droplets

is observed; con�rmed with the linearity of the contact area decrease in time. Images are taken

above the droplet evaporation also con�rm qualitatively the removal of pinning. Contact angles

are consistently measured close to the static values, and within the bounds expected from the

measured and extremely low contact-angle hysteresis. The entire evaporation sequence including

a step change in the observed value of the CCA that occurs at RH between 30 and 40%. The

step change is reminiscent of a type V adsorption isotherm. To investigate the source of the step-

change, mass change in humidity is studied using QCM and DVS. Finally, the Picknett and Bexon

model is used to analyse the evaporation of individual droplets and provide a set of estimates of

the diffusion coef�cient. By comparing the evaporation rate to the RH across all experiments, a

second estimate of the diffusion coef�cient is obtained. Both types of estimate are within 2% of

the literature value and show how SOCAL surfaces, which are omniphobic, provide a simple but

accurate methodology to determine the diffusion coef�cient of volatile liquids.
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4.1 Experimental Setup

Small (4:0 � 0:3µL) droplets of room-temperature DI water (type III, puri�ed in an Elga PURE-

LAB Option-Q lab water puri�cation system) are deposited on a SOCAL-treated glass slide (SO-

CAL manufacture method detailed in section 3.2.2), in a commercial humidity and temperature-

controlled chamber (TC30) that had been equilibrated at25:0 � 0:1 � C, attached to a Kr̈uss (DSA

25)(�gure 4.1). The evaporation of the droplets is observed for a range of RH from 10 to 70%

(� 0:5%) in intervals of 10%. A further sequence of evaporation experiments re�ned the RH range

between 30 and 40% in steps of 2%. The evolution of the contact angle and the contact radius as

a function of time are recorded with time-lapse image capture at10 sintervals. The data and im-

ages for each evaporation sequence are analysed individually to verify the absence of contact-line

pinning.

Figure 4.1: Kr̈uss DSA 25: (a) Automatic syringe dosing unit, (b) Camera with macro lens and
barrel, (c) Humidity and temperature-controlled chamber (TC30), (d) Light-emitting diode back-
light and (d) Kr̈uss DSA 25 chassis

The contact radius is calculated by identifying the contact base line by eye; the Krüss Advance

software package then tracks the drop radius throughout the evaporation. The contact angle is

then evaluated using an elliptical �t in the Krüss Advance software, which uses the tangent of the

ellipse intersecting the contact base line. This gives a mean contact angle from the average of the

left and right contact angle. Because SOCAL is a transparent coating, it is possible to con�rm

that droplets on the surfaces retain an axisymmetric shape during evaporation by conducting con-

trol experiments using the simultaneous side pro�le and bottom up views. Data presented in this
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chapter show typical curves for each RH obtained from the average of three repeated evaporation

sequences. The data for each RH is averaged into 100 equally spaced bins for each measured

quantity (elapsed time, contact angle, contact radius). All of the experiments are carried out on

�ve separately made SOCAL-treated glass slides at various locations on the slides. The differ-

ent humidity experiments were carried out non-sequentially to ensure that no ageing effects are

observed.

4.2 Typical Evaporation Sequence

Figure 4.2 shows the contact angle,� , and contact area,�r 2, as a function of time,t, during

a typical sessile droplet evaporation sequence. After short initial relaxation, when a droplet is

deposited, a CCA is observed for the majority of the evaporation time. During the CCA period,

the contact area reduces linearly with time. The short initial relaxation is likely to be due to the

droplet equilibrating to the surface, temperature, and RH (see McHaleet al.[136]). The �nal stage

of evaporation appears to be correlated to the observation of mineral deposit formation when the

droplet radius reduced to0:5 mm, which is the radius at which the contact angle �rst begins to

decrease.

Figure 4.2: Typical evaporation showing the contact-angle,theta (ooo) and contact area,�r 2 (��� )
as a function of time. The conditions of this typical evaporation are a4µL droplet of DI water,
25°, and 70% relative humidity. The inset shows the ellipse �tting of the droplet to measure the
contact angle,� , contact radius,r , and spherical radius,R.
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4.3 Axisymmetric Evaporation

To con�rm the no pinning was present throughout the entirety of the evaporation, top down images

were taken during an evaporation (�gure 4.3). Inspecting the images the droplet remains visibly

axisymmetric throughout the entire evaporation sequence.

Figure 4.3: Top down view of sessile droplet evaporation sequence of a4µL droplet of DI water.

The spherical radius,R, of the droplet can be measured throughout the evaporation sequence and

plotted as cross sectional area,�R 2, as a function of time,t (�gure 4.4). The result of which,

shows a linear decrease in the cross sectional area in time depicted by the dashed line. Through

geometry this shows a constant contact angle evaporation, and the analysis of the evaporation

sequences of side view images can be assumed to form a spherical cap and be treated using the

geometric relations detailed in section2.3.2.

Figure 4.4: plot of the spherical cross sectional area,�R 2 in time from images in �gure 4.3 where
the dotted line is the linear �t through the data.
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4.4 Initial Relaxation

4.4 Initial Relaxation

The qualitative features of typical evaporation sequences are focused on �rst. After a droplet is

deposited, there is an immediate and short duration initial relaxation of the contact angle. The

decrease in the contact angle could be due to changes in temperature as evaporation establishes it-

self and evaporative cooling of the droplet and substrate occurs. For isolated evaporating spherical

drops, the cooling is determined by the evaporation rate [137], and this will also occur for sessile

droplets with the evaporative cooling correlated to the RH, which controls the rate of evaporation.

In addition, thermal properties of the substrate will in�uence how effectively thermal energy can

be supplied to maintain the temperature of the substrate surface. For example, Davidet al. show

a link between the cooling effect on a droplet and the thermal properties of the substrate [138].

A further possibility is that evaporation creates a local RH which, given the contact angle is over

90°, may be important for the precise value of the contact angle because of the con�ned wedge

space de�ned by the droplet and the substrate near the contact line. The simplest interpretation is

that, although the contact-angle hysteresis is very small, an evaporating droplet is simply adopting

a receding contact angle, which is slightly lower (1 to2 � C) than its initial value on deposition.

The initial relaxation is then followed by a CCA period that dominates the overall evaporation

time.

4.5 Effect of Relative Humidity

The CCA mode of evaporation occurs across a broad range of RH (10 � 70%). Figure 4.2 illus-

trates a typical evaporation at the lowest and highest values of RH. Even though these extremes in

RH result in signi�cantly different total evaporation times of23 min and2 h 15 min, the droplet

evaporation sequences demonstrate the same behaviour. The presence of the syringe (seen at the

top of each image in Figure 4.2) illustrates that an evaporating droplet remains centred, close to

the initial deposition location, from the start to end of their evaporation. This provides con�dence

that the droplet contact line is completely mobile and free from pinning at all locations around the

droplet.

Figure 4.6 shows a full set of sessile droplet evaporation sequences across the range of RH from

10 to 70% in steps of 10% and using the volume as the horizontal axis to collapse all the data
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Figure 4.5: Evaporation time lapse at 10 and 70% relative humidity. The syringe needle is kept in
the image to show the droplets evaporate, moving radially inward in all directions.

onto a single plot. The central inset in �gure 4.2 reveals that the CCA during evaporation has two

distinct values. The contact angle in the range of the RH of10� 30%is 101° while in the range of

the RH of30� 40%, there is a sharp rise in the CCA to104:5°, which remains the value observed

for the range from 40 to 70%. The step nature of this transition is further detailed in �gure 4.7 (a),

which presents data for the RH range30 � 40%using steps in the RH of 2%. Advancing angle

measurements were carried out at each RH value to con�rm the surface retained low contact-angle

hysteresis despite this step change in the contact angle. Evaporation causes the contact line to

retreat slower than a needle withdrawing liquid; therefore, the receding angle at a given RH is the

angle observed during evaporation of liquid at that RH. Contact-angle hysteresis estimated using

the constant receding angle during evaporation and the measured advancing contact angle prior to

evaporation was largest at RH = 34% with� � CAH = 1 :09� 0:27° and lowest at RH = 60% with

� � CAH = 0 :41� 0:16°. Figure 4.7 shows� � CAH remains low for both contact angle regimes

with � � CAH < 2°.
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Figure 4.6: Contact angle as a function of volume: The dashed lines indicate the constant contact
angle mode of evaporation. The central inset is a magni�cation of the CCA mode evaporation,
showing the two contact angles for low (10� 30%) and high (40� 70%) relative humidity. Each
data series is a binned average of three experiments, the standard deviation of each marker is
typically 0:5°.

4.5.1 Step-Change in Contact Angle

An unexpected feature in the data is the apparent separation into two distinct values of the CCA

of 101° and104:5° for this CCA evaporation mode. This step change for RH between 30 and

40% is shown in Figure 4.7 and is reminiscent of the shape of a type V adsorption isotherm [139].

These two contact angle values can be compared to the0:6° increase in contact-angle hysteresis

at the lower RH values quanti�ed using measurements via addition and withdrawal of liquid to a

droplet.

The possible origins of the step change can be considered using Young's law (2.6), for which there

are two interfacial tensions,
 lv and
 sv, that depend on the vapour. The �rst of these, the surface

tension
 lv , is known from pendant drop measurements to have a smooth change with temperature

and RH over the range used in the experiments (72.2-75:5 mN m� 1) [140, 141]. However, the

second of these, the solid-vapour interfacial tension
 sv, is a candidate for the origin of a step
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(a)
(b)

Figure 4.7: (a) Step change in the value of the constant contact angle for evaporation at different
relative humidity reminiscent of a type V adsorption isotherm, (b) Types of adsorption isotherms
(from Singet al. 1985).

change in the observed contact angle. This might occur if a �lm of vapour condensed on the solid

over the narrow30� 40%range of RH, thereby replacing the solid-vapour interface by solid-liquid

and liquid-vapour interfaces.

4.5.2 Dynamic Contact Angle

Droplets in lower humidity environments evaporate faster than those in high humidity because the

vapour is able to diffuse easier into surroundings that are not already saturated with the vapour of

the same liquid. The data from the evaporation experiments can be plotted in terms of contact line

velocity during the constant contact angle evaporation regime, taken from the change in contact

radius in time from the image sequence, and the corresponding contact angle (�gure 4.8). There is

an apparent overlap in contact line velocity in the 40 and 50% relative humidity evaporations and

that of 30 and 20% however there is no obvious relationship between the contact line velocity and

the contact angle. This rules out the step change in contact angle cause as a result of the contact

line moving quicker in low humidity.
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Figure 4.8: Plot of contact angle as a function of contact line velocity for evaporating sessile DI
water droplets at 10 to 70% relative humidity

4.5.3 Adsorption Characterisation

A possible explanation for the step change in contact angle is that the solid-vapour interfacial

tension changes because of the adsorption of a monolayer of vapour at a threshold humidity. This

could cause an increase in the contact angle as the RH increases, as observed experimentally,

because of increased cohesion of the water molecules and, hence, a decrease in the solid-vapour

interfacial tension
 sv. It is important to understand the distinction between adsorption and the

similarly named, more familiar phenomena, absorption. The left-hand-side image in �gure 4.9

shows molecules in a vapour moving into the bulk of a liquid phase, this is known as absorption.

The right-hand-side shows molecules moving within a liquid and attaching to the surface of a

solid, known as adsorption. The attachment of these molecules could occur from a vapour or a

liquid.
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Figure 4.9: Diagram showing the key difference between absorption and adsorption.

Dynamic Vapour Sorption (DVS)

To consider this possibility that the solid-vapour interfacial tension changes because of the ad-

sorption of a monolayer of vapour, experiments are conducted to measure mass change on a SO-

CAL-coated glass surface using a DVS method. Initially, experiments were carried out at25� C

with the machine cycling through each relative humidity (0-90%) moving onto the next humidity

when the measured change in mass was smaller thandm=dt < 0:0001. Because the mass of the

adsorbed layer would be so low in comparison to the sample the machine only ran until it reached

the set-point humidity, and the mass for each humidity does not have time to adjust (�gure 4.10

and 4.11).
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(a) (b)

Figure 4.10: DVS measurements of SOCAL mass change as a function of relative humidity: (a)
the relative humidity and mass plotted as a function of time over the entire experiment and (b)
The change in mass as a function of the relative humidity taken when the setpoint humidity was
reached anddm=dt < 0:0001

(a) (b)

Figure 4.11: DVS measurements of SOCAL mass change as a function of relative humidity: (a)
the relative humidity and mass plotted as a function of time over the entire experiment and (b)
The change in mass as a function of the relative humidity taken when the setpoint humidity was
reached anddm=dt < 0:0001

As the change in mass was so small, humidity was �xed for 2 hours in hopes that the humidity

would settle to a �xed value (�gure 4.12). Again no trend was apparent in these experiments.

Again with the conclusion that the adsorption would be such a low amount, it is not visible within

the resolution of the machine.
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(a) (b)

Figure 4.12: DVS measurements of SOCAL mass change as a function of relative humidity: (a)
the relative humidity and mass plotted as a function of time over the entire experiment and (b) The
change in mass as a function of the relative humidity taken 2 hours after the set point humidity
was reached.

Quartz Crystal Microbalance (QCM)

QCM is another technique that is used to attempt to measure if any mass change occurs on the

surface at increased relative humidity. A quartz glass crystal (�gure 4.13 (a)) were coated with

SOCAL and placed in a humidity control chamber. The QCM Measures the resonant frequency

for each relative humidity and the phase shift is recorded and plotted as a function of relative

humidity compared to the uncoated quartz glass (�gure 4.13 (b)). Comparing both coated and

uncoated, there appears to be no change in the behaviour of the mass change in increasing relative

humidity.
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(a)

(b)

Figure 4.13: (a) Image of quartz glass used in QCM. The SOCAL coating is applied to the top
contact (b) plot of resonant frequency shift as a function of relative humidity for quartz glass and
SOCAL coated quartz glass.

The nature of the step change remains elusive, however the explanation that the step change being

due to adsorption of molecules remains plausible and requires further investigation. It could be

possible to attempt to measure the adhesion forces of water molecules to the surface at different

humidities using AFM.

4.6 Salt Deposits

In the very �nal stages of evaporation, the contact angle reduces rapidly and after the droplet

had completely evaporated, deposits are observed over an area corresponding to that at which the

contact angle �rst began to reduce. Energy-dispersive X-ray spectroscopy and scanning electron

microscopy analysis of these deposits showed them to be composed of NaCl, AlCl, MgCl, and

KCl. This suggests trace amounts of salts precipitated out of water at a volume of0:6 � 0:1µL, and

their deposition on the SOCAL-coated glass surface then created a self-pinning effect (�gure 4.14).

This �gure is a single experiment, unlike �gure 4.6 which is a binned average of three repeats, this

is to directly compare the pinning radius to that of the salt deposit. This was conducted on a

drop-shape analyser without temperature and humidity control. These two factors likely account

for the different scatter and slope in the contact angle compared to that of the previous study. To

understand this behaviour in more detail, a more thorough and robust study using many droplets

should be conducted in future work.
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(a)

(b)

Figure 4.14: Salt deposit from water droplets on SOCAL: (a) microscope image of salt deposit
and (b) contact angle measurement and base radius of an evaporating droplet with the dashed lines
highlighting the diameter of the salt deposit.

4.7 Diffusion Coef�cients

Previously in section 2.3.2, an exact solution for sessile droplets evaporating in a CCA mode

evaporation is given. Because the droplets in the experiments conform to spherical caps, and

unlike the previous work of Guanet al., observing sessile droplet evaporation on SLIPS [77],

there is no wetting ridge present, these equations can be used directly to analyse the data. For
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the CCA mode with side pro�le observations providing both contact angle and contact radius,

equation (2.23) is most appropriate. As the right-hand side of (2.23) does not depend on time for

CCA mode of evaporation, the contact area should reduce linearly with time.

Figure 4.15 shows representative data for sessile droplet evaporation on SOCAL surfaces for each

value of RH (10-70%) and each can be seen to provide excellent agreement with a linear �t; the

inset in �gure 4.15 illustrates the time range used to de�ne the CCA range (dashed lines). From

the slopes in �gure 4.15, the diffusion coef�cient for each RH,DRH , has been calculated us-

ing equation (2.23) and is shown in Table 3. These values ofDRH range from2:31� 10� 5 to

2:87� 10� 5 m2 s� 1 with an average of (2:58� 0:20� 10� 5 m2 s� 1, which compares well to the

literature value of2:48� 10� 5 m2 s� 1. Figure 4.15 provides con�dence that we have observed

CCA mode evaporation, which is diffusion-limited, and Table 3 con�rms that the extracted dif-

fusion coef�cients from each RH are consistent with the literature values. However, because

the diffusion coef�cient should not depend on the RH, rearranging (2.23) and relating the RH to

vapour concentration by� c = c0((RH=100)� 1), allows a single estimated diffusion coef�cient,

DE , to be calculated using all experiments across the range of RH 10-70%.

Figure 4.15: Contact area�r 2 as a function of time for evaporations at relative humidity 10-70%:
The line through each data set represents the linear �t used to calculateDRH . The inset shows
the representative contact angle and contact area as a function of time, where the data between the
dashed lines show the section of the evaporation that is the CCA mode.
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Table 3: Calculated diffusion coef�cient for each relative humidity compared to the literature
value.

RH
[%]

d�r 2=dt
[mm2 s� 1]

DRH

[10� 5 m2 s� 1]
D Literature

[10� 5 m2 s� 1]

10 -0.002699 2.47 2.48
20 -0.002513 2.58 2.48
30 -0.002202 2.58 2.48
40 -0.001678 2.44 2.48
50 -0.001640 2.87 2.48
60 -0.001297 2.82 2.48
70 -0.000754 2.31 2.48

Average: 2:58� 0:20 2.48

Figure 4.16 shows data from �gure 4.15 plotted using (2.23), and the gradient from this gives an

estimate of the diffusion coef�cient ofDE = 2 :44� 0:48� 10� 5 m2 s� 1, which is an improved

estimate compared to the single RH estimates and which is within 2% of the literature value. Fi-

nally, because Wang and McCarthy have reported that SOCAL surfaces are omniphobic and have

low contact-angle hysteresis to a wide range of liquids, including diiodomethane, toluene, hexade-

cane, cyclohexane, decane, and hexane [3] the accuracy of our evaporation method of determining

the diffusion coef�cient for water suggests that a SOCAL-coated glass surface could be used to

determine the diffusion coef�cients for a wide range of other liquids.

70



4.8 Conclusion

Figure 4.16: Contact area as a function of relative humidity. The gradient of the plot gives the
calculated diffusion coef�cientDE .

4.8 Conclusion

This chapter has shown it is possible to observe the CCA evaporation mode on a �at smooth

(non-textured) solid surface by creating SOCAL-coated surfaces with extremely low contact-angle

hysteresis. This differs from previous attempts to observe the CCA mode, which have relied

on the use of textured solid surfaces, or a lubricant oil that removes all contacts with a solid

surface. A step change in the CCA value is observed, occurring in a narrow range of RH (30-

40%), which is indicative of the adsorption of water vapour on the surface and reminiscent of

a type V isotherm. The value of the CCA during evaporation has been shown to be consistent

with the ideal contact angle from Young's law estimated by using independent measurements of

the advancing and receding contact angle. Quantitative analysis of the sessile droplet evaporation

sequences provides accurate measurements of the diffusion constant of the evaporating liquid.

Hence, this methodology can provide a simple and reliable way to characterise the volatility of a

wide range of other liquids.
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Chapter 5

Electrowetting on SOCAL

In this chapter the development of Electrowetting on SOCAL is detailed. The function of the

electrowetting setup is �rst veri�ed by conducting an electrowetting experiment on PTFE and

recovering the Young-Lippmann relationship between the contact angle of the droplet and the

applied voltage. This highlights the effect of hysteresis of even a hydrophobic material such as

PTFE and therefore the necessity for pinning-free surfaces such as SOCAL surfaces. As SOCAL

needs to be supported by a substrate. Glass is suitable substrate which can also be used as a

dielectric. A glass dielectric is used with thin enough thickness so to the actuation voltage required

is lower than the limits of the equipment used while thick enough to not experience dielectric

breakdown. The performance of electrowetting on SOCAL coated glass dielectrics by studying

the effect of salt type and concentration on the electrowetting, the rate of change of voltage and,

the effect of subsequent cycles on the contact angle.

5.1 EWOD Development

There are many practical considerations when designing an electrowetting system. The materials

and design of an electrowetting on dielectric system can cause experimental results which deviate

from the expected performance of the ideal Young-Lippmann contact angle-voltage relationship.

The parameters which the relationship depends upon are: the permittivity of the dielectric,� d,

the dielectric thickness,d, The liquid-vapour surface tension,
 lv and the applied voltage. Di-

electrics also have a breakdown voltage,Vbd depending on the thickness of the dielectric, and the
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permittivity.

Vbd = Eds � d (5.1)

whereEds is the dielectric strength measured in [V m � 1] which is related to the dielectric per-

mittivity Eds = � 0=�d. If the breakdown voltage for a given thickness dielectric is lower than

the required voltage to actuate the droplet contact angle, then the voltage will punch-through the

dielectric, creating a short circuit and a device failure. A thicker dielectric will increase the break-

down voltage, however it will also increase the actuation voltage. For a desired change in contact

angle� � , the Young Lippmann equation (2.31) can be rearrange to give the actuation voltageV� �

as

V� � =

s
2d
 lv �

� 0� d
(5.2)

where� = cos � � cos� E = 2 cos(� + � E =2) cos(� � � E =2). WhenV� � < Vbd, the device

will be able to reach the desired contact-angle of the droplet without damaging the device. If

voltage breakdown occurs, a leakage current can cause gas bubbles in the water to be observed as

electrolysis takes place at the electrode, which will permanently destroy the device.

Contact-angle hysteresis can cause electrowetting behaviour to deviate from the expected theory.

This can be demonstrated experimentally using a PTFE dielectric. An aluminium coated glass

slide acts as a bottom contact, this is covered with PTFE tape of� 75µm thickness. A4µL

salt/water solution droplet (0:01 mol) with a thin metal probe0:2 mm diameter. The device is

connected to a function generator, ampli�er and oscilloscope as the experimental setup in �gure

3.12. The droplet contact angle can be viewed captured and measured using shadowgraph and im-

age analysis techniques detailed in section 3.3.2. Images are taken of the droplet at50 V intervals

of increasing then decreasing �xed-voltage between0 � 500 V. Figure 5.1 (a) shows the contact

angle as a function of voltage on a PTFE dielectric device. The blue circles represent the voltage

increasing, �gure 5.1 (b) shows the relationship for� cos �=V 2 is linear which is expected by the

theory. However, when the voltage decreases (orange squares), the contact angle does not follow

the same path as the increasing voltage, in-fact the contact angle appears to still decrease with

decreasing voltage, which is unlike the theory. This is due to the contact-angle hysteresis, when

a droplet is spread via electrowetting below the receding angle, and the voltage is then removed,

the contact angle is expected to increase until it reaches the receding angle, where it is in equi-
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librium. For the voltage applied in the experiment, it is likely the receding angle was not reached

and therefore as the experiment continued, and the droplet evaporated during the experiment, it

continued to reduce the contact angle. This experiment illustrates several considerations in design

of an electrowetting device. Lower contact-angle hysteresis will allow the droplet contact angle

to return closer to the equilibrium contact angle. If several cycles are to be performed, the contact

angle at0 V after the �rst cycle would considered the initial contact angle and the contact angle

would then follow the theory for both increasing and decreasing voltage. If a pinning-free coating

was used, then the contact angle would be reversible from the �rst cycle.

(a) (b)

Figure 5.1: Electrowetting on PTFE: (a) Contact angle,� as a function of Voltage,V and
(b)� cos � as a function ofV 2. Blue circles represent the contact angles at increasing voltage,
orange squares represent the contact angle at decreasing voltage and the dashed line represents the
Young-Lippmann Contact angle-voltage relationship based on the �t of contact angles for increas-
ing voltage in (b).

The evaporation of the conducting liquid also creates issues of the droplet evaporating to the re-

ceding angle. To mitigate the effects of droplet evaporation, higher relative humidity can be used,

lower ambient temperature, larger droplets and a faster experiment. To help improve the elec-

trowetting device performance, a glass dielectric of170µm thickness is coated with SLIPS using

the method detailed in section 3.2.3 as the dielectric layer. The SLIPS layer acts to reduce contact-

angle hysteresis allowing the contact angle to reversibly follow the theory. The thick glass dielec-

tric acts to prevent dielectric breakdown. In the previous experiment the voltage is set manually,

then an image is taken before moving to the next voltage. This means the total experiment length

is uncontrolled, therefore the total evaporated volume is uncontrolled. To improve the experiment
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a 600 V sine wave is modulated with a triangle wave of frequency0:017 Hz. This translates to a

voltage rate of change20 V s� 1. The experiments are also performed in a humidity chamber at

70 %relative humidity to reduce the evaporation during the experiment time.

(a) (b)

Figure 5.2: Electrowetting on SLIPS coated170µm glass dielectric: (a) Contact angle,� as a
function of Voltage,V and (b)� cos � as a function ofV 2. Blue circles represent the contact
angles at increasing voltage, orange squares represent the contact angle at decreasing voltage.

Figure 5.2 shows electrowetting on SLIPS to follow the theory for both increasing voltage and

decreasing voltage. This is con�rmed by the linear� cos � as a function ofV 2 plot in �gure

5.2 (b). This con�rms the electrowetting experimental setup is working as expected. Recovery

of the initial contact angle during electrowetting was �rst performed by Brabcovaet al. [95]. To

investigate whether the electrowetting theory can be recovered for SOCAL coated glass cover

slips the experiment is repeated but now with a SOCAL coating instead of a SLIPS coating. The

coating is prepared using the method detailed in section 3.2.2. Figure 5.3 shows the electrowetting

curve for SOCAL does not follow the expected theory. One possible explanation is the contact

line cannot move quickly enough to follow the voltage. To investigate this further experiments in

section 5.4 look at how the rate of change in voltage changes the expected contact angle-voltage

behaviour.
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(a) (b)

Figure 5.3: Electrowetting on SOCAL coated170µm glass dielectric: (a) Contact angle,� as
a function of Voltage,V and (b)� cos � as a function ofV 2. Blue circles represent the contact
angles at increasing voltage, orange squares represent the contact angle at decreasing voltage.

In both series of experiments, contact angle saturation is not reached. Contact angle saturation is

the experimental observation of a limit where the contact angle will no longer change with increas-

ing voltage. Contact angle saturation is often observed between60 � 80° [87]. The equipment

used in these experiments is limited to a maximum output contact angle of600 V, so it is not

possible to reach saturation in this current setup. The thickness of the selected dielectric can be

modi�ed to obtain lower contact angles for the same voltage. The slope of the plot in �gure 5.2

(b) gives� 0� d=2d
 lv = 1 :71� 10� 6 V � 1. As the value for each of the variables are known, the

effect of using different thickness dielectrics of the same material can be plotted to help inform ex-

periments. Figure 5.4 shows the theoretical EWOD curves for three different thicknesses,170µm,

the thickness used in the experiments of �gure 5.2, which is used to calculate 80 and120µm.

80 � 120µm is the range of thickness stated in a pack of precision glass cover slips (Thorlabs

CG00K1). Figure 5.4 for the range of available cover slip thicknesses contact angle saturation

should be possible.
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Figure 5.4: Electrowetting performance as a function of glass dielectric thickness:(a) Contact an-
gle,� as a function of Voltage,V for 170µm (blue),120µm (orange) and80µm (yellow) dielectric
thicknesses. Dashed lines show minimum achievable contact angle - disregarding contact angle
saturation - at600 V(maximum voltage for equipment).

As 600 V is the maximum limiting voltage of the available equipment, equation (5.2) can be

rearranged and plotted to show the lowest achievable contact angle at as a function of dielectric

thickness at �xed voltage. Figure 5.5 shows that using a glass dielectric of thickness< 125µm

will allow contact angles down to saturation (� 60°).

Figure 5.5: Actuation Voltage at600 V for changing dielectric thickness.

78



5.1 EWOD Development

From the initial experiments thinner coverslips were procured to assure actuation to the saturation

contact angle. These coverslips were placed on an aluminium coated glass slide to provide the

bottom contact. To control the rate of change in the voltage the signal was modulated with a

triangle wave with a60 speriod. This gives a rate of change in the voltage of20 V s� 1. Figure 5.6

shows the contact angle as a function of time for600 V, 10 kHz AC on 100µm glass dielectric,

using a8µL droplet of DI water with0:1 mol KCl. These results shows a different behaviour of

the contact angle for increasing/ decreasing voltage. This could be due to the slow moving contact

line observed on SOCAL. There is also an unexpected hysteresis from the initial angle to the angle

the droplet returns to. The droplet is left to relax at the end of the experiment which suggests a

slow moving contact line. Another possible explanation is the addition of salt to the water, which

is necessary for better conduction within the droplet. To further investigate, studies of the effect

of salt concentration and rate of change of voltage are conducted.

Figure 5.6: Contact angle as a function of time of8µL DI water with0:1 mol KCl on a SOCAL
coated100µm glass coverslip actuated between 0-600 V at a rate of20 V s� 1 for 3 cycles then left
at 0 V to allow the contact line to relax.
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5.2 Effect of Salt Type and Concentration

To investigate whether the unexpected hysteresis on SOCAL was due to the salt used in the DI

water, contact-angle hysteresis measurements were taken of varying concentration of monovalent

KCl and divalentCaCl2 (Table 5). 100 mL salt solutions were prepared with the two salt types.

Table 4 shows the mass of salt [g] required to be added to100 mL to achieve a speci�c concen-

tration [mol]. The salt is weighed on a micro-balance, then100 mL water is added, the solution

is then stirred using a glass stirring rod for60 sto ensure it is completely diluted. The solution is

then decanted into smaller20 mL scintillation vials for use.

Table 4: Required mass of KCl andCaCl2 per100 mL water to give a set concentration.

Concentration
[mol]

KCl
[g]

CaCl2
[g]

0 0.000 0.000
0.01 0.075 0.111
0.1 0.075 1.110
0.2 1.491 2.220

To con�rm whether the salt was the cause of the unexpected hysteresis on SOCAL in the elec-

trowetting experiments, contact-angle hysteresis measurements are carried out on SOCAL coated

coverslips following the method detailed in section 3.1.1. For DI water on the glass coverslips the

contact-angle hysteresis is measured as� � CAH = 2 :6 � 0:4°, slightly larger than that measured

on glass slides (� CAH = 1 :2 � 0:5°), this could be due to the roughness of the coverslip compared

to the glass, however the measured contact angles are still lower than the� 95° contact angle

the droplet returned to after an electrowetting cycle. On averageCaCl2 has a lower contact-angle

hysteresis than KCl for both0:01 mol and0:2 mol. KCl also has a higher standard deviation than

eitherCaCl2 or DI water, this makes it unsuitable for electrowetting on SOCAL. It is also noted

that both salt types have a higher receding angle than the observed� 95° contact angle the droplet

returned to after an electrowetting cycle.
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Table 5: contact-angle hysteresis measurements of salt solution water on SOCAL.

Salt
Type

Concentration
[mol]

Repeat Advancing Receding� � CAH
Av.

� � CAH

Standard
Deviation

DI Water 0
1 105.6 103.2 2.4

2.6 0.42 106.4 103.3 3.1
3 105.6 103.2 2.4

CaCl2 0.01
1 106.7 102.3 4.4

3.3 0.92 105.8 102.9 2.9
3 106.1 103.4 2.7

CaCl2 0.2
1 106.7 103.5 3.2

2.6 0.82 106.4 104.7 1.7
3 106.5 103.6 2.9

KCl 0.01
1 106.3 103.5 2.8

3.8 1.52 106.0 100.4 5.6
3 105.5 102.4 3.1

KCl 0.2
1 106.2 103.9 2.3

3.7 1.82 107.6 104.5 3.1
3 106.1 100.3 5.8

Figure 5.7: Contact angle as a function of time of droplets evaporating on SOCAL with different
initial salt concentrations. Solid line shows the average contact angle of three evaporation experi-
ments. The shaded area shows the standard deviation of the contact angle of the experiments

Droplets of these different concentrations were then evaporated at 40% RH and25� C to con�rm

whether constant contact angle evaporation was still present (Figure 5.7). DI water, (blue), shows
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CHAPTER 5. ELECTROWETTING ON SOCAL

a typical evaporation sequence as expected from the results of chapter 4, where a constant contact

angle is observed for the majority of the evaporation, with a drop in the contact angle at the end of

the evaporation.0:01 molKCL salt/water solution droplet evaporation (red), again shows constant

contact angle evaporation.0:2 mol KCL (green) shows constant angle evaporation but with a

larger standard deviation. The decrease in the contact angle at the end of the evaporation occurs

sooner than the0:01 mol solution and a large salt deposit is visible at the end of the evaporation.

0:01 mol CaCl2 appears to give the constant contact angle evaporation with the lowest standard

deviation. 0:2 mol CaCl2 on the visually appears the least like the expected constant contact

angle evaporation with a decreasing contact angle for the majority of the evaporation. This is an

unexpected result as the0:2 mol CaCl2 had the lowest of any of the salt/water solutions tested.

The was also a visible large salt deposit at the en of the evaporation which explains why the

contact angle plateaus at a larger value than the other evaporations. Although these experiments

do not explain the low returning contact angle in the SOCAL electrowetting experiments, they

help inform which salt concentration gives the most consistent results. For these experiments,

0:01 mol CaCl2 is used for any electrowetting experiments conducted here out.

5.3 Comparison of AC Frequency

The standard theory of electrowetting does not depend on sign or frequency of the applied voltage

[87]. For AC electrowetting, there is a range of frequencies in the order of tens to hundreds

of kHz where typical electrowetting experiments are conducted with the lower and upper limits

between causing undesired behaviour as described previously in section 2.4. Tests to observe

the optimum frequency for electrowetting on SOCAL coated glass dielectrics are conducted. An

8µL droplet is place on the electrowetting device and an applied voltage is cycled three times

(0-600 V at 20 V s� 1) at varying frequency (1-50 kHz). Figure 5.8 (a) shows contact angle as

a function of time at1 kHz frequency. The contact line pins on the left side of the droplet as

the voltage decreases at the end of each cycle. This could be the upper limit of the hydrodynamic

resonant frequency, where the droplet would follow the AC signal transitioning to the time-average

apparent contact angle. Any lower frequency, the contact-angle is observe to be following the

frequency of the applied signal. This could be a source of the pinning. (b)10 kHz looks to be

the optimum frequency of the trialled frequencies, there is the least deviation between the left
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and right contact angle and the least visible pinning. This is likely between the hydrodynamic

resonant frequency and the electrical transition frequency. Within this range, the droplet is acting

as a perfect conductor and therefore no heating is expected. There is still a decrease from the initial

contact angle to the0 V contact angle after the �rst, second and third cycle. (c)20 kHz is similar

to 10 kHz except there is a larger variation in the contact angle at0 V contact angle after the �rst,

second and third cycle. The lower minimum contact angle than the10 kHz may be explained by

a similar phenomenon to that witnessed by Liet al. where the frequency of modulating the signal

can cause charge-trapping to charge and discharge, allowing a lower contact angle [93]. While this

could be an explanation further study would be required to fully understand this phenomenon. (d)

50 kHz appears to have the most pinning and variation throughout the three cycles. This regime

must be reaching the electrical transition frequency, where the saturation angle is increased which

is visible between 500-600 V. In this regime, some heating of the droplet could be expected as the

droplet transitions from a perfect conductor to dielectric and a resistance begins to occur. From

these experiments10 kHzgives the lowest pinning, however all frequencies still observe the lower

contact angle after the initial cycle.
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(a) (b)

(c) (d)

Figure 5.8: Contact angle as a function of time of8µL DI water with0:01 mol CaCl2 on a SOCAL
coated100µm glass coverslip actuated at a rate of20 V s� 1 between 0-600 V. The frequency of
the actuated signal is varied between (a)1 kHz, (b) 10 kHz, (c) 20 kHzand (d)50 kHz.

5.4 Rate of Change of Voltage

To elucidate the origin of the reduced contact angle experiments are conducted to observe the

effect the rate of change in voltage has on the contact angle for electrowetting droplets on SOCAL

coated glass coverslips. An8µL droplet of 0:01 mol CaCl2 DI water is placed on a100µm

SOCAL coated glass coverslip on an electrowetting setup as previously described. A10 kHz AC

signal is modulated with a triangle wave to ramp the signal 0-600-0 V at a set rate. The voltage

is cycled four times then left to observe if the contact angle relaxes back to the original value.

The experiments are conducted in a humidity controlled environment to reduce the evaporation

occurring during the experiments.
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(a)

(b)

Figure 5.9: 10 V s� 1 Voltage rate change experiments:8µL droplets of0:01 mol CaCl2 DI water
for cycles of 0-600 V at a rate of10 V s� 1 (a) Contact angle as a function voltage (b) Radius as a
function of voltage. Shaded area shows standard deviation of 3 repeated and averaged experiments
and yellow dashed line shows voltage in time.

Figure 5.9 (a) shows the contact angle change at a voltage rate of10 V s� 1. The contact angle

decreases from100° to 95° between the initial angle and the end of the �rst cycle. When returning

from 600 to0 V, the contact-angle in time is asymmetric, the contact angle still increases when

the voltage �rst begins to increase again, this suggests the contact angle is not able to move as fast
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CHAPTER 5. ELECTROWETTING ON SOCAL

as the voltage changes. The contact angle then returns to95° every subsequent cycle. The contact

angle remains constant after the three cycles at95°, showing the receding angle to be altered from

previous hysteresis results. Figure 5.9 (b) shows the radius change at a voltage rate of10 V s� 1.

The rate of change in the radius appears linear for the majority of a cycle. The rate of change in

the radius slows down whenV > 500 V and whenV < 250 V. A possible explanation is that at

V > 500 V the droplet is nearing contact-angle saturation and is unable to spread further.

Figure 5.9 (b) shows the contact angle change at a voltage rate of2 V s� 1. Unlike the10 V s� 1,

The contact angle follows the voltage from100� 600� 100 V, this is also seen in the radius. At

low voltage, the contact angle still appears slightly asymmetric, suggesting2 V s� 1 is still faster

than the contact line can move over the SOCAL.
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(a)

(b)

Figure 5.10:2 V s� 1 Voltage rate change experiments:8µL droplets of0:01 mol CaCl2 DI water
for cycles of 0-600 V at a rate of2 V s� 1 (a) Contact angle as a function voltage (b) Radius as a
function of voltage. Shaded area shows standard deviation of 3 repeated and averaged experiments
and yellow dashed line shows voltage in time.

Further comparisons between10 V s� 1 and2 V s� 1 by taking the average of the2nd , 3rd and4th

cycle, and plotting them against the voltage (�gure 5.11).10 V s� 1 shows no movement in the

contact angle or base radius from 0-200 V. This could be interpreted as a threshold voltage that is

required to be overcome before the contact line begins to move, however, at the slower2 V s� 1, the
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contact angle changes in this region. Another explanation is that as the contact angle is still trying

to relax from the previous cycle and the competing forces are preventing the movement.

(a)

(b)

Figure 5.11: Contact angle and base radius as a function of Voltage for2nd , 3rd and4th cycles of
voltage rate: (a)10 V s� 1 and (b)2 V s� 1.

Plotting the contact angle as a function of time while varying the frequency of the triangle wave

(which amplitude modulates the rate of change in the voltage), the contact angle as a function of

frequency can be plotted. This shows how the contact angle varies with frequency. Figure 5.12

shows a decrease in the contact angle at 0 V after a cycle,� 0 and an increase in the minimum
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contact angle atV = 600 V, � V max . In order to observe the quasi-static contact angle voltage

relationship expect from theory, one can evaporate the droplets at �xed voltage for a range of

voltages. This will be explored in the next chapter.

(a)

(b)

Figure 5.12: Contact angle as a function of voltage rate: (a) contact angle in time throughout
experiments and (b) Maximum and minimum contact angle as a function of frequency.

5.5 Conclusion

This chapter has detailed the experiments conducted to setup and calibrate electrowetting experi-

ments on SOCAL. This has included preliminary tests on PTFE to recover the Young-Lippmann

theory. This experiment also highlights how hysteresis prevents reversible electrowetting mod-

ulation of the contact angle. Experiments using coverslips and SLIPS replicate the hysteresis

free electrowetting results of Brabcovaet al. [98]. These experiments inform of the appropriate
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thickness of glass dielectric, while preventing dielectric breakdown, and allowing actuation of the

contact angle of the droplet to the limit of contact angle saturation within the maximum voltage of

the available equipment. Experiments on glass covered dielectrics show an unexpected behaviour

where the contact angle does not follow the theory. To investigate further, the effect of the salt type

on the contact-angle hysteresis. What salt type and concentration do appear to have an impact, the

effect is minimal compared to the contact-angle hysteresis observed in electrowetting experiments.

The effect of frequency on the system is also studied, which informs the best frequency for the

experiments. The rate of change in voltage is also varied to study the effect. This does appear to

increase the hysteresis and deviation from the theory, however, within the experiments conducted

they are still not slow enough to recover the theory. The slowest possible movement is to evap-

orate the droplet at high humidity and observe whether the constant contact angle evaporation of

droplets, while under an applied electrowetting voltage, will recover the Young-Lippmann theory.

This will be detailed in the next chapter.
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Chapter 6

Tunable Evaporation on Slippery

Surfaces

Sessile droplet evaporation underpins a wide range of applications from inkjet printing to coat-

ing. However, drying times can be variable and contact-line pinning often leads to undesirable

effects, such as ring stain formation. Here, voltage programmable control of contact angles during

evaporation on two pinning-free surfaces is shown. This is achieved using an electrowetting-on-

dielectric approach and SLIPS or SOCAL surfaces to achieve a constant contact angle mode of

evaporation. Evaporation sequences and droplet lifetimes across a broad range of contact angles

from 105°� 65° are studied. The values of the contact angles during evaporation are consistent

with expectations from electrowetting and the Young-Lippmann equation. The droplet contact

areas reduce linearly in time and this provides estimates of diffusion coef�cients close to the ex-

pected literature value. Further �ndings show that the total time of evaporation over the broad

contact angle range studied is only weakly dependent on the value of the contact angle. It is con-

cluded that on these types of slippery surfaces droplet lifetimes can be predicted and controlled

by the droplet's volume and physical properties (density, diffusion coef�cient, and vapour concen-

tration difference to the vapour phase) largely independent of the precise value of contact angle.

These results are relevant to applications, such as printing, spraying, coating and other processes,

where controlling droplet evaporation and drying is important.
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6.1 Experimental Setup

The experiments require surfaces that are both free of contact line pinning and which have contact

angles that can be adjusted to different constant values. To do this, two types of surfaces are used,

SOCAL and SLIPS, as slippery layers on a glass substrate (as the dielectric) in an electrowetting

con�guration as described below (Figure 6.1). The electrowetting con�guration allows the initial

contact angle determined by the droplet-solid, droplet-lubricant and other interfacial tensions to

be reduced in a programmable manner by application of a voltage.

Figure 6.1: Electrowetting and evaporation on slippery surfaces: (a) Schematic of droplet in an
electrowetting setup with a glass dielectric substrate and a slippery top layer. (b) example images
of droplets evaporating under �xed rms voltage (300 V) at constant angle on SOCAL. Sketches
of the two types of slippery top-layers (c) droplet on hydrophobic nano-particle SLIPS, and (d)
droplet on SOCAL.

The electrowetting con�guration to investigate evaporation at different constant contact angles on

these surfaces is shown in �gure 6.1(a) with example evaporation images in �gure 6.1(b) and the

schematics showing the two types of slippery surfaces in �gure 6.1(c) and �gure 6.1(d). An AC

system using a signal generator (TTi Instruments TGA1244) to generate a10 kHzsinusoidal wave

which was then ampli�ed (Trek PZD700A) as a programmable root mean square (rms) voltage,

V, within the range 0 to 450 V. The ampli�ed signal was then applied to an aluminium-coated

glass slide (100µm, vapour deposited) as one electrode and a thin metal,0:2 mm diameter, in the

centre of the droplet, as the second electrode. The cross sectional area of the needle is0:13 mm2,

compared to the surface area of a8µL droplet with105° contact angle which is15:6 mm2 which
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is less than 1% of the total surface area, the needle is therefore not expected to have a signi�cant

effect on the spherical cap shape during the evaporation. The100µm thick glass cover-slip on

which the slippery coating (SOCAL or SLIPS) was attached acts as a dielectric enabling storage

of capacitive energy and allowing the contact area, and hence contact angle, to be adjusted by

altering the balance between capacitive and interfacial energies. The droplets of deionized water

used in the experiments had a volume of8µL and0:01 mol KCl was added to ensure the electri-

cal conductivity required for electrowetting. Although the �ndings of the previous chapter show

CaCl2 shows more consistent results, KCl was more readily available and the difference between

two salts although measurable, small enough to be negligible. The thin metal electrode was low-

ered into the centre of the droplet after deposition and evaporation experiments were conducted at

room temperature (22� 2 � C) at a controlled relative humidity of 70% within a transparent cham-

ber to regulate the conditions local to the droplet. The chamber also shields the droplet from the

presence of air drafts which might otherwise entrain the lubricant from a SLIP surface over an

evaporating droplet [104]. Droplet evaporation sequences were recorded using a camera at 0.05

frames per second and contact radiusr and contact angle� measurements were determined using

open-source pyDSA software. Experimentally, pro�les of the droplet are accurately described by

a spherical cap to within a slight distortion around the electrode needle, however, further improve-

ments could be made in future EWOD designs by using a co-planar electrode whereby the probe

is replaced with an in plane electrode [142]. Such a design would require further work to apply

SOCAL to the electrode to prevent pinning. The volume of the droplet during evaporation was

calculated using the contact radius and contact angle. The data set presented in this chapter is a

representative sample of wider body of experiments, and each evaporation at a �xed voltage for

each surface is the average of three evaporation sequences.

The �rst type of slippery surface used SLIPS samples prepared by taking new glass cover-slips

(Thorlabs, CG00K1) of thickness100� 5µm, coating them with 5 layers of GLACO™ Mirror

Coat (Nippon Shine) to create a nanoparticle-based superhydrophobic porous structure and then

infusing a layer of lubricant by withdrawal from a bath of20 cSt silicone oil (Sigma Aldrich,

378348) at0:1 mm s� 1. Excess oil is rinsed off to ensure only a thin conformal oil layer remained

on the surface so that there is no visible wetting ridge of oil on subsequent sessile droplets. The

water contact-angle hysteresis� � CAH was determined by measuring advancing contact angle� A
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and receding contact angle� R through the average of three droplet in�ation/de�ation experiments

in different locations on the substrate(� � CAH = 0 :4 � 0:3°; � A =� R = (109:6°)=(109:2°)) . Slid-

ing angles,� , were also measured by placing a20µL droplet of deionized water on the surface and

tilting the substrate until the droplet begins to slide, and the average of three measurements gives

� (20µL ) = 0 :2 � 0:2°. The measured contact angle is consistent with theoretical expectations of

108° based on a liquid-form of Young's law (eq. 4 in [107]) using an effective droplet-vapour

interfacial tension as sum of the droplet-oil and oil-vapour interfacial tensions and indicates sili-

cone oil should cloak the droplet-vapour interface despite the absence of a visible wetting ridge

at the contact line [53, 107]. The second type of slippery surface used, smooth liquid-like SO-

CAL surfaces, are prepared on glass samples (see references [3, 143] and section 3.2.2). New

glass cover-slips of thickness of100� 5µm were exposed to air plasma in a (Henniker HPT-

100) at30 W for 20 min. The cover-slips were then dipped in a reactive solution of91:45 mL

isopropyl alcohol (� 99:7%, Sigma Aldrich, 292907),8:16 mL dimethyldimethoxysilane (95%,

Sigma Aldrich, 104906) and0:39 mL sulphuric acid (95.0-98.0%, Sigma Aldrich, 258105) for

5-10 sand then slowly removed. These coated glass slides were subsequently placed in a bespoke

humidity chamber for20 min at 60� 2 % relative humidity to allow the acid-catalysed polycon-

densation to take place. After this time, the surface was rinsed with isopropyl alcohol, toluene

(� 99:5%, Sigma Aldrich, 179418), and deionized water (type III, puri�ed in an Elga PURELAB

Option-Q lab water puri�cation system) to remove any remaining reactive solution. This cre-

ates �exible polydimethylsiloxane chains approximately4 nm in length, that allow mobility of the

droplet contact-line thereby minimizing contact line pinning [3]. To con�rm successful and homo-

geneous coating, contact-angle hysteresis and sliding angles were measured in the same manner

as for the �rst surface and determined to be(� � CAH = 1 :0 � 0:5°; � A =� R = (105:7°)=(104:7°))

and � (20µL ) = 5 :6 � 0:4°. These values are in good agreement with Wang & McCarthy who

reported(� � CAH = 1 :0°; � A =� R = (104:6°)=(103:6°)) and� (20µL ) = 4° for droplets of wa-

ter. Using the same interfacial tensions as for the silicone oil in the SLIPS, but assuming the

PDMS chains on a SOCAL surface cannot cloak the droplet-vapour interface, the liquid-form of

Young's law suggests the water droplet should have a contact angle on SOCAL of104° and this is

consistent with the measured value.
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6.2 Diffusion Coef�cient Calculation

First the qualitative features of the droplet evaporation is discussed. It is observed that after a

brief initial period (corresponding to a volume reduction from8µL to 7µL), the contact angle

remained approximately constant during the evaporation for most of the evaporation period on

both types of slippery surfaces (Figure 6.2). Focusing on SLIPS, the droplet evaporation sequences

was consistent with prior literature [77]. However, because the samples here use thin conformal

SLIPS layers based on a hydrophobic nanoparticle coating, rather than lithographically produced

micro-pillar textures with thicker layers of lubricant, there were no visible wetting ridges around

the contact line. This is an improvement for evaporation studies since the oil in a wetting ridge

removes some of the droplet-vapour surface area for evaporation. The application of a constant

amplitude electrowetting voltage reduced the initial contact angle in a reproducible manner over

many voltage cycles on the SLIPS consistent with previous reports [98]. Figure 6.2(a) provides

the �rst reports of droplet evaporation sequences with voltage selectable constant contact angle

(70° to 105°) on SLIPS and covers the voltage range up to the saturation region well-known for

electrowetting (see reference [87]). Greater voltage than the450 V would be required to observe

contact-angle saturation, however the voltages were kept consistent with the SOCAL experiments

for comparison. The added dielectric thickness of the GLACO™ on the SLIPS surface increases

the required voltage to reduce the contact-angle. In addition, when comparing directly to SOCAL,

SLIPS has a marginally larger equilibrium angle, requiring a greater voltage to reduce to the same

contact-angle as SOCAL. Focusing now on SOCAL surfaces, the evaporation sequences were

observed to be consistent with that on the SLIPS surfaces and at zero applied voltage, consistent

with the study of CCA mode evaporation on SOCAL in chapter 4. the contact angle was able to be

reduced by the application of the electrowetting voltage and observe, for the �rst time, evaporation

sequences with voltage selectable constant contact angle (67°-105°) on SOCAL (Figure 6.2(b)).

When repeatedly cycling the electrowetting voltage the contact angle increased to3:6 � 0:4°,

which nonetheless remains low compared to other hydrophobic coatings. In such experiments, the

contact angle measured during the constant contact angle period of evaporation at zero voltage

after the �rst was cycle was reduced from102:1 � 1:2° to 94:9 � 1:5°. However, it was possible

to apply a constant electrowetting voltage to a freshly deposited droplet on different areas of a

SOCAL surface and observe smoothly receding contact lines as the droplets evaporated. Figure
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6.2(b) shows such data with each data point an average of three droplets on a sample and shows

constant contact angles of102:1 � 1:2° to 67:2 � 0:3° for voltages with rms values between 0-

450 V. The corresponding contact areas of droplets decreases linearly in time during the constant

contact angle period of the evaporation (Figure 6.2(a) inset).

Figure 6.2: Contact angle as a function of reducing volume for0:01 mol KCl deionized water
droplets evaporating at �xed electrowetting voltages on: (a) SLIPS and (b) SOCAL surface. Inset
shows contact area as a function of time for the constant contact angle regime indicated by dashed
lines.

Quantitative analysis of the constant contact angle regime is now considered for both types of slip-

pery surfaces to con�rm the absolute slopes from the data in Figure 6.2 are physically reasonable.
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Rearranging (2.27), the diffusion coef�cient can be determined from the evaporation of a droplet

using the average rate of change in contact area (slope in the insets to Figure 6.2), i.e.

D = �
�� (� )

8� (cs � c1 ) sin2 �f P B (� )
d(�r 2)

dt
(6.1)

wheref (� ) is evaluated using the Picknett & Bexon interpolation formula (eq. 2.16). Table 6

shows these calculated diffusion coef�cients across the electrowetting voltage range (prior to con-

tact angle saturation) is in good agreement with the literature diffusion coef�cient. On the SLIPS,

the average diffusion coef�cient measured experimentally isDExp = 2 :06� 0:26� 10� 5 m2 s� 1

compared to the literature value ofDLit = 2 :41� 0:05� 10� 5 m2 s� 1 On the SOCAL surfaces,

the experimental average was found to beDExp = 2 :14� 0:21� 10� 5 m2 s� 1 and using data for

droplets on both types of surface the experimental average wasDExp = 2 :10� 0:24� 10� 5 m2 s� 1.

The rate of change in contact area in time for constant contact angle evaporation (2.26), can be

arranged to give the rate of change in volume and be expressed in terms of the instantaneous

volume and the constant contact angle

d

dt

= � 2�
�

3

�� (� c)

� 1=3

f (� c) (6.2)

and this integrates to give a2=3rd power law for the volume,


( t)2=3 = 
 2=3
i �

4�
3

�
3


�� (� c)

� 1=3

f (� c)t (6.3)

where
 i is the initial droplet volumet = 0 . The2=3rd power law for the drop volume is veri�ed

experimentally and the slopes from the analysis are also given in Table 6 along with the value

determined for the constant contact angle and the droplet lifetime (see section 2.3.3). These re-

sults also support the assumption that electrowetting does not signi�cantly alter the evaporation of

sessile droplets from these surfaces. Any signi�cant heating caused from the AC voltage would

increase the evaporation rate and effect the experimentally obtained evaporation rate.
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Table 6: Experimentally Determined Diffusion Coef�cients

Slippery
layer

rms
Voltage

[V]

Constant
Contact
Angle,
� c [°]

d(�r 2)/dt
[10� 4 mm s� 1]

d
 2=3/dt
[10� 3 µL s� 1]

Total
evaporation
time, t f [s]

DExp

[10� 5 m2 s� 1]

SLIPS

0 105.3±1.6 -5.18±0.03 -4.49±0.03 8034±960 1.84±0.06
150 102.5±2.6 -6.60±0.09 -4.43±0.05 7877±940 2.17±0.07
212 98.2±2.2 -7.31±0.05 -4.97±0.04 9416±1100 2.28±0.08
260 95.8±0.4 -6.42±0.02 -3.98±0.02 8698±1040 1.89±0.05
300 86.3±3.6 -7.15±0.06 -4.25±0.04 10876±1300 1.76±0.09
357 81.0±6.0 -8.70±0.09 -4.35±0.02 9255±1100 1.95±0.16
406 74.6±2.2 -9.83±0.05 -4.46±0.02 9004±1070 2.03±0.09
450 70.1±1.4 -13.27±0.12 -5.12±0.05 10151±1210 2.54±0.11

SOCAL

0 102.1±1.2 -5.76±0.06 -4.10±0.02 7806±930 2.06±0.06
150 95.5±2.8 -7.41±0.10 -4.09±0.04 9692±1160 2.17±0.09
212 89.8±3.6 -7.68±0.08 -4.34±0.03 9779±1170 2.06±0.10
260 83.3±2.8 -7.43±0.06 -3.89±0.03 10323±1230 1.78±0.07
300 79.4±3.6 -9.88±0.08 -4.27±0.04 10712±1280 2.23±0.11
357 70.3±2.2 -10.29±0.30 -4.83±0.07 8560±1020 2.00±0.10
406 67.7±2.4 -13.43±0.26 -5.72±0.04 8810±1050 2.44±0.12
450 67.2±3.0 -13.57±0.29 -4.54±0.08 10252±1220 2.35±0.13

6.3 Contact Angle Dependence on Voltage

The consistency of the observed voltage-selected contact angles with expectations from the theory

of electrowetting is now evaluated. In the absence of contact line pinning, the initial contact angle

without an applied voltage is assumed to be given by Young's law. The effect of applying a voltage

and charging a dielectric using the contact area of a droplet as one electrode is to introduce a

capacitive energy in addition to interfacial energies. This causes a voltage dependent contact angle,

� (V ), described by the Young-Lippmann equation, (2.31). A quadratic power law is expected,

with dependence ofcos� on the voltage and this is con�rmed for both the SLIPS and SOCAL

surfaces by �gure 6.3. The insets in �gure 6.3 show a linear plot of the� cos � with V 2 and the

saturation effect of wetting is clearly visible for the SOCAL surface.

98



6.3 Contact Angle Dependence on Voltage

Figure 6.3: Cosine of average contact angle during evaporation (constant contact angle regime)
as a function of voltage: (a) SLIPS and (b) SOCAL. Inset shows� cos � as a function ofV 2

rms
�t (solid line) before saturation (voltage rms< 400 V). The dashed and dotted lines for SLIPS are
predictions from theory assuming the droplet is cloaked and not cloaked in oil, respectively. The
dashed lines for SOCAL are predictions from theory.

To compare quantitatively to the theoretical expectations from (6.3), the slippery SOCAL layer is

considered. This has a suf�ciently small thickness (� 4 nm) to be a negligible correction to the di-

electric thickness due to the100µm thick glass substrate and the covalently attached PDMS chains

mean there is no cloaking of the droplet-vapour interface. The glass has a manufacturer-stated rela-

tive permittivity� glass = 6 :7, and so using a surface tension for water of
 lv = 72:8 mN m� 1 gives

� 0� d=2
 lv d = 4 :07� 10� 6 V � 2. This can be compared to the slope� cos �=V 2 in the inset in �g-
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ure 6.3(b) for the experimental data for SOCAL. The experimental result of4:20� 0:10� 10� 2 V � 2

using data below the contact angle saturation voltage of400 V is in excellent agreement with the

theoretical value.

We now consider the consistency theory between the theory and the experimental results for

droplets on SLIPS. In this case, the glass substrate and the SLIPS layer is regarded as a series

capacitive combination of the glass with the SLIPS layer so that the relative dielectric thickness

is (d=�r )total = ( d=�r )glass + ( d=�r )SLIP S . The major contribution to the capacitance is there-

fore from the glass substrate and this gives an order of magnitude estimate consistent with the

experimental data. (2.31)To estimate the small correction due to the SLIPS, The thickness of

the porous GLACO™ layer� 2µm was used, infused with silicone oil with excess oil remove

through rinsing as the thickness of the SLIPS. Moreover, since the relative permittivity of the sil-

ica nanoparticles (� r = 2 :5 � 3:5) and oil (� r = 2 :68) in the SLIPS layer are similar and the

layer is a small correction, it is approximate to a uniform dielectric layer with� + r � 2:68. This

provides an estimate of(d=� + r )SLIP S = 6 :38� 10� 4 m. In addition to these dielectric consid-

erations, it is expected that the droplet-vapour interface is cloaked so that an effective interfacial

tension should be used in equation (2.31) replacing
 lv by 
 Eff = 
 W O + 
 OA , where
 W O and


 OA are the water-oil and oil-air interfacial tensions, respectively. Using the interfacial tension

data from Banpurkaret al. [144], the water-oil interfacial is estimated at
 W O = 38 mN m � 1 and

from the data of McHaleet al. [107] the oil-air interfacial tension is
 OA = 19:8 mN m� 1 giv-

ing an effective interfacial tension of
 Eff = 57:8 mN m� 1. Including this cloaking effect gives

� 0� d=2
 Eff d = 4 :89� 10� 6 V � 2 and so over-estimates the contact angle changes compared to

the experimental data (dashed line compared to symbols in �gure 6.3(a)). However, we note

that assuming oil does not cloak the droplet-air interface gives� 0� d=2
 Eff = 3 :88� 10� 6 V � 2,

where 
 lv = 72:8 mN m� 1, and this is closer to the �t to the data which is� 0� d=2
 Eff =

3:47� 0:11� 10� 6 V � 2 (dotted lines compared to solid lines in �gure 6.3(a)). To �t the curve

using equation (2.31) and an oil-cloaked droplet-air, would require a signi�cantly smaller value

of the relative permittivity(� 75%) than the manufacturer provided value and/or a signi�cantly

thicker(� 40%)glass substrate.
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6.4 Evaporation Time Dependence on Contact Angle

The extent to which the lifetime of an evaporating droplet,t f , depends on its initial contact angle

is now considered. From the �ts to the contact area for each evaporating droplet sequence the life-

time was determined (�gure 6.2 inset) and these values are given in Table 6 for each surface. To

show the scaling dependence, �gure 6.4 shows the contact area normalized by the initial contact

area (using the intercepts in the insets in �gure 6.2) as a function of time normalized by total evap-

oration time for droplets on each surface. The secondary y-axis in each �gure shows the contact

angle normalized by the constant contact angle. A similar collapse of data onto a single scaling

curve can be observed by for the2=3rd power law for the drop volume and this illustrates the good

agreement with the power law on these slippery surfaces (insets in �gure 6.4). Equation (2.29)

shows that the lifetime is a separable product of three functions involving the constant contact

angle,� c, the initial droplet volume,
 i , and the parameter� which incorporates the density,� ,

difference in vapour concentration� c, and diffusion coef�cient,D , i.e.

t f (� c; �; 
 i ) = ~t(� c)� (� )
 2=3
i (6.4)

where the contact angle dependent factor is,

~t(� c) =
� 1=3(� c)
24=3f (� c)

(6.5)

and various other dependencies have been grouped together as,

� (� ) =
4(18� )1=3

�
=

2(18� 2)1=3�
D (cs � c1 )

(6.6)

According to Stauberet al. the droplet lifetime in the constant contact angle mode of evaporation

has a maximum atcos� = 0 [145]. This is illustrated by the solid curve in Figure 6.5 showing a

plot of equation (6.5) over the full contact angle range from a �lm withcos� = 1 to a spherical

sessile droplet withcos� = � 1 using the Picknett & Bexon polynomial interpolation forf (� ) in

equation (6.5). Expanding Stauber et al.'s formula analytically (or, equivalently, numerically �tting

the Picknett & Bexon formula) gives a quadratic expansion approximation around the maximum
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Figure 6.4: Scaling of evaporation measurements with droplet lifetime. Normalised contact area,
�r 2=�r 2

i as a function of normalised time,t=t f and normalized contact angle,�=� c as a function

of normalised timet=t f . Insets: normalised volume
 2=3=
 2=3
i as a function of normalised time,

t=tf . Data presented is every50th data point for clarity of presentation.

of,

~t(� ) � 1 �
(9� � 32)(� � �= 2)2

6
(6.7)

where� is in radians. From the full plot in �gure 6.5, the contact angle dependence is predicted

to be relatively insensitive to the precise value of� and remains within 10% of the maximum

value over the contact angle range from40° to 180°. In experiments using smooth surfaces, i.e.

not superhydrophobic, the maximum achievable contact angles with surface chemistry is� 115°
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rather than the parameter maximum of180° in the theory. The inset in �gure 6.5 shows the more

limited range bounded by the lower limit due to contact angle saturation in electrowetting(� 67°)

and the maximum achievable contact angle(105°) on our smooth surfaces; this covers a wide

range ofcos� from 0.39 to -0.26.

Figure 6.5: Drop lifetime contact angle dependence factor,~t(� ) (Solid line theory, solid symbols
are experimental data for SLIPS and empty symbols are experimental data for SOCAL surfaces).
Inset: expanded view of the contact angle range67°� 105° (i.e. cos� = 0 :39 to � 0:26) plotted
with absolute time as the vertical axis (eq. (2.29)).

To analyse the contact angle dependence of the experimentally determined lifetimes, an assumed

initial droplet volume of8:0 � 0:1µL and temperature22� 2 � C and evaporated in air with a

relative humidity70� 1 %which gives a value of� (� )
 2=3 = 9070 � 990. The values of droplet

lifetime t f from table 6 scaled down by this value are plotted in �gure 6.5 for comparison to

the theory with the absolute lifetimes shown in the inset; the average value fort f from Table

6 is 9330� 1000 s. The solid symbols show the data from the SLIPS and the empty symbols

show the data from the SOCAL surface. This data covers a contact angle range from hydrophilic

(lowest value� c = 67°) to hydrophobic106° (highest value) and shows a scatter around an average

value without an obvious contact angle trend. The data appears to lie slightly above equation

(6.5) suggesting a slight systematic error in the value of� (� )
 2=3 used in the analysis. From the
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results, it is concluded that in the constant contact angle mode of evaporation and for constant

contact angles above40°, drop lifetimes can be predicted within a 10% tolerance range without

precise knowledge of the exact value of the contact angle by using equation (6.4) with~t � 1.

Improved estimates could also be made by calibrating experimentally over a speci�c contact angle

range to use a value of~t slightly below unity. It should also be possible to decide a desired

tolerance on the droplet lifetime and from that determine what range of contact angles needs to

be achieved. In practical applications where drying is important, knowledge of initial droplet

volume, the liquid density and the temperature and relative humidity (or diffusion coef�cient and

difference in saturation and ambient vapour concentration) should be suf�cient to predict drying

time providing the surface allows a mobile contact line without contact line pinning and the contact

angle is above� 40°. These results also show that the initial droplet contact area on a slippery

surface can be selected when the contact angle is above� 40° without signi�cantly changing the

overall droplet evaporation time.

6.5 Conclusion

The results of this chapter show control of constant contact angle mode evaporation over a wide

range of receding contact angles from hydrophilic to hydrophobic of droplets on pinning free

SLIPS and SOCAL surfaces can be achieved using electrowetting. The results are consistent with

the model of diffusion-controlled evaporation of sessile droplets and can be used to estimate the

diffusion coef�cient. The contact angle-voltage relationship is in excellent agreement with the

Young-Lippmann equation for electrowetting of droplets on both types of slippery surfaces. It has

been observed that over a range of contact angles above67° on these surfaces, droplet evaporation

times are relatively insensitive to the precise value of the contact angle. Thus, a desired tolerance

on droplet lifetime can be used to determine what contact angle range and accuracy is required.

This may have practical application in processes involving evaporation, such as inkjet printing,

where consistent drying times would then depend mainly on the liquid density, control of droplet

deposition volume and environmental factors, such as temperature and relative humidity.
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Chapter 7

Summary & Future Works

This thesis has explored evaporation of sessile droplets on slippery surfaces. The experiments

detailed in the results chapters have explored the optimisation and creation of reproducible SO-

CAL surfaces and shown they can evaporate in an ideal CCA mode of evaporation. Experimental

techniques have been developed to allow the observation of voltage programmable contact angle

on SOCAL surfaces for the �rst time. Electrowetting is employed as a tool to control the constant

contact angle droplets on SLIPS and SOCAL evaporate at allowing control of the evaporation time

of droplets using contact angle.

Optimisation of the experimental parameters used to create SOCAL have shown to reliably pro-

duce pinning-free, low hysteresis surfaces. The plasma treatment is found to be crucial to success-

ful creation of surfaces. an envelope of low hysteresis is found at5 min plasma time at100 W.

Either increasing or decreasing the plasma time by a couple of minutes increases the hysteresis,

and the reproducibility is unreliable with a large standard deviation in the contact-angle hystere-

sis (� � CAH = 1 :8 � 0:7°). Changing the plasma power to20 W opens this envelope to provide

lower hysteresis and more repeatable results (� � CAH = 0 :4 � 0:2°). Creating pinning-free low

hysteresis SOCAL is an achievement which has not been widely replicated in research, with this

work expanding upon the work of Wang & McCarthy enabling wider usage of SOCAL in research

that requires improved droplet mobility [3].

The �rst experimental results chapter (Chapter 4: Evaporation on SOCAL surfaces) shows con-

stant contact angle mode evaporation of sessile droplets of water for the �rst time on a smooth
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�at solid surface. Experiments showed this result was valid for a broad range of relative hu-

midities. This has allowed accurate calculations of the diffusion coef�cient of water (DE =

2:44� 0:48� 10� 5 m2 s� 1) which is within 2% of the literature value. Because SOCAL surfaces

are reported to be omniphobic and have low contact-angle hysteresis to a wide range of liquids,

this work determining the diffusion coef�cient of water suggests SOCAL could be used to de-

termine the diffusion coef�cient for a wide range of other liquids. An unexpected step-change

increase in the constant contact angle observed when evaporating at relative humidities� 40%.

The step change was further veri�ed by conducting additional experiments between 30-40% rela-

tive humidity. The step change is reminiscent of a type V adsorption isotherm, although, attempts

to quantify this using DVS and QCM proved inconclusive. In future works, AFM could provide an

opportunity to measure the adhesion forces of water molecules on the surface at different relative

humidities to try and elucidate this effect. Evaporation is a widely studied �eld with many prac-

tical applications, speci�cally the evaporation of particle laden droplets and particle deposition,

contact-line pinning is a widely documented challenge for such applications, one which SOCAL

has the potential to address.

The second results chapter (Chapter 5: Electrowetting on SOCAL) shows successful manipulation

of droplet contact angle using an applied voltage via electrowetting. Initial experiments showed

PTFE to have a non-reversible electrowetting cycle due to contact-angle hysteresis. Hysteresis-

free electrowetting cycles are then shown on SLIPS coated glass coverslips. These experiments

inform electrowetting device design in conjunction with theory to select an appropriate dielectric

thickness that will be thick enough to prevent dielectric breakdown while being thin enough to

allow the contact angle to reduce to the electrowetting limit of contact angle saturation at< 600 V.

SOCAL coated glass coverslips behaved unexpectedly compared to theory. There was a decrease

in the contact angle after the �rst cycle, this decrease is larger than the receding angle expected

in contact-angle hysteresis experiments on SOCAL. The salt type and concentration was varied

to observe the effect on hysteresis.0:01 mol CaCl2 was found to have the lowest hysteresis,

although, none of the tested concentrations or salt types effected the hysteresis as much as was

being observed after the initial electrowetting cycle. The AC frequency was varied to see the effect

on hysteresis,10 kHz appeared to give the electrowetting curve with the least visible pinning,

however the initial decrease in contact angle was still present. The rate of change in voltage was
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studied to see if the contact-angle was simply not left enough time to recover to the original angle.

While the rate prevented the contact angle to follow the same path during decreasing voltage

as it took during increasing voltage, the contact angle was still lower than expected after the

voltage was removed. The conclusion is that the parameters used in these experiments were still

to fast to observe the quasi-static contact-angle/ voltage relationship expected from theory. These

results help inform good experimental design for pinning-free electrowetting on SOCAL coated

coverslips. It also seems clear that whilst SOCAL is virtually pinning-free (low to vanishing static

friction) droplets moves slowly suggesting higher dynamic friction. This is unusual and contrasts

with SLIPS, Further work could be done to investigate this.

The third and �nal results chapter (Chapter 6: Tunable Evaporaion on Slippery Surfaces) shows

consant contact angle mode evaporation on SLIPS and SOCAL with tunable evaporation across

a broad reange of contact angles105°� 65°. This is the �rst report of CCA mode evaporation

of sessile droplets of water at hydrophillic contact angles� < 90°. SOCAL and SLIPS coated

devices are made from100µm glass dielectric coverslips, with an aluminium coating as a bottom

contact.8µL 0:01 mol CaCl2 DI water droplets are placed on the device with a thin probe placed

in the top of the droplet. The evaporation of the droplet is observed, measuring the base radius and

contact angle while applying a �xed voltage0 � 450 V. Analysis of the evaporation sequences

allows calculation of the diffusion coef�cient for water to be recovered for both SLIPS and SOCAL

using the standard sessile droplet diffusion model. This shows the effect of the electric �eld and

the oil layer on the SLIPS sample are negligible. The he implied inhibition by the electric �eld of

cloaking of a water droplet by silicone oil is also an interesting future topic. When comparing the

average constant contact value obtained for a given voltage and the expected value from the Young-

Lippmann equation for the given experimental parameters, both values are in good agreement.

In experiments from the previous chapter, this result was not obtained for SOCAL, this result

shows that the contact-angle will follow the expected value at long times. From the sessile droplet

evaporation theory, it is possible to isolate the effect of the contact angle on the total evaporation

time. This shows that for all contact angles belowcos� < 0:75the contact angle has< 10%effect

on the total evaporation time. The effect of the contact angle on the evaporation is at a minimum

around90° which can be achieved using electrowetting on slippery surfaces, this could prove a

useful tool in applications where the total drying time is important such as inkjet printing.
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The results of this thesis are important and directly applicable for applications which utilise sessile

droplet evaporation, from heat transfer, to inkjet printing and DNA �orescence in spotted micro

arrays. Removing contact-line pinning is also a challenge in other other applications where the

ability to easily move droplets on a surface is desired. This can include micro-�uidics, Surface

Acoustic Wave (SAW) devices and self cleaning surfaces. At the time of writing, few labs have

reported successful creation of low hysteresis SOCAL surfaces, hopefully this thesis provides an

insight into how to optimise SOCAL creation and allow more widespread adoption in applica-

tions which will bene�t from the removal of contact-line pinning. While the thesis focuses on

the removal of pinning in sessile droplet evaporation and the control of the contact angle during

evaporation, this work provides the foundations of further studies into evaporation on SOCAL,

such as particle laden droplets and evaporation of other liquids and binary mixtures.
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[102] D. Qúeŕe, M. J. Azzopardi, and L. Delattre, “Drops at rest on a tilted plane,”Langmuir,

vol. 14, pp. 2213–2216, apr 1998.

[103] B. Liu, K. Zhang, C. Tao, Y. Zhao, X. Li, K. Zhu, and X. Yuan, “Strategies for anti-icing:

Low surface energy or liquid-infused?,” jul 2016.

[104] M. J. Kreder, D. Daniel, A. Tetreault, Z. Cao, B. Lemaire, J. V. Timonen, and J. Aizen-

berg, “Film dynamics and lubricant depletion by droplets moving on lubricated surfaces,”

Physical Review X, vol. 8, no. 3, 2018.

[105] V. Kumar and N. N. Sharma, “Synthesis of hydrophilic to superhydrophobic su8 surfaces,”

Journal of Applied Polymer Science, vol. 132, may 2015.

[106] L. Ejenstam, A. Swerin, and P. M. Claesson, “Toward superhydrophobic

polydimethylsiloxane-silica particle coatings,”Journal of Dispersion Science and

Technology, vol. 37, pp. 1375–1383, sep 2016.

118



REFERENCES

[107] G. McHale, B. V. Orme, G. G. Wells, and R. Ledesma-Aguilar, “Apparent contact angles on

lubricant-impregnated surfaces/slips: From superhydrophobicity to electrowetting,”Lang-

muir, vol. 35, pp. 4197–4204, mar 2019.

[108] B. V. Orme, G. McHale, R. Ledesma-Aguilar, and G. G. Wells, “Droplet retention and

shedding on slippery substrates,”Langmuir, vol. 35, no. 28, pp. 9146–9151, 2019.

[109] N. R. Geraldi, J. H. Guan, L. E. Dodd, P. Maiello, B. B. Xu, D. Wood, M. I. Newton,

G. G. Wells, and G. McHale, “Double-sided slippery liquid-infused porous materials using

conformable mesh,”Scienti�c Reports, vol. 9, p. 13280, dec 2019.

[110] S. J. Goodband, S. Armstrong, H. Kusumaatmaja, and K. Voitchovsky, “Effect of ageing on

the structure and properties of model liquid-infused surfaces,”Langmuir : the ACS journal

of surfaces and colloids, vol. 36, pp. 3461–3470, apr 2020.

[111] A. Keiser, L. Keiser, C. Clanet, and D. Quéŕe, “Drop friction on liquid-infused materials,”
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