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Abstract

Highly evolved, efficient and sophisticated biological systems can be
used as models for scientific innovations. This research explored spe-
cific surface structures on plant leaves with respect to their hydropho-
bicity in the context of the often arid Australian climate. The re-
lationships between leaf surface structures and their hydrophobicity
could inform the making of artificial surfaces with specially designed

hydrophobicity.

Moderate hydrophobicity and strong surface adhesion were discovered
on many study plant leaves. Scanning Electron Microscopy (SEM) re-
vealed that their surface morphologies could be categorized into four
groups while their water-repellent mechanisms were considered at an
individual species level. Specifically, physical models were built based
on the topography of several Fucalyptus species. Wetting robustness
and surface free energy analyses were performed with these models
to study wetting transitions on surfaces with specific microscopic fea-

tures.

In the fabrication component of the study, a convenient self-assembly
procedure of oxysilane successfully converted a hydrophilic glass slide
into a hydrophobic surface, with the measured contact angle chang-

ing from 30.8 to more than 100°. Atomic force microscope (AFM)



images showed randomly distributed roughness at a micrometre scale
on these self-assembled hydrophobic surfaces. Samples with square
arrays of micro-posts were also fabricated following a sophisticated
photo-lithography process. Wetting properties similar to some leaves,
namely moderate hydrophobicity and strong surface adhesion, were
observed with these fabricated samples. Anisotropic wetting, liquid-
surface contact footprints and base lengths on these micro-textured

surfaces were also investigated.

Finally, fluorine containing diamond-like carbon (F-DLC) coatings
were examined because of their chemical inertness, mechanical dura-
bility, and low surface energy. F-DLC films were prepared by closed-
field, unbalanced, magnetron sputtering (CFUBMS) on silicon sub-
strate to study their wetting and mechanical properties. The influ-
ences of CF4 and CyH, gas addition during fabrication on these prop-
erties were explored by measuring contact angles, fluorine contents,
surface roughness, Young’s modulus and hardness. Simulation from
Finite Element Analysis with COMSOL software was also conducted
to confirm the mechanical results obtained in nano-indentation exper-

1ments.

The leaf surface geometries revealed in this study could trigger fur-
ther relevant research and applications. Surface free energy analysis
on the built models could lead to a deeper theoretical understand-
ing of wetting state transition for these geometries. The preliminary

results on the self-assembly of oxysilane at ambient conditions could



contribute to the development of cost-efficient and environmentally
friendly methods for fabricating durable hydrophobic coatings. The
results of F-DLC coatings could be beneficial for manipulating surface
free energy and mechanical properties, to match specific requirements

for certain applications.



Contents

1 Introduction il
1.1 Background . . . . . . .. ... .. il

1.2 Motivation for the research . . . . . . . . .. .. ... ... .. ..
1.3 Scopeofthesis . .. ... ... ... ... ... ... 4
1.4 Summary of chapters . . . . . .. ... Lo
References . . . . . . . . . 0]

2 Literature Review 11l
2.1 Surface tension . . . . . .. ..o
2.2 Solid surfaces . . . . . . ..o 131
2.3 Theoretical background . . . . . . . . ... L.
2.3.1 Contact angle . . . . . . ... ...

2.3.2  The Wenzel model and Cassie-Baxter model . . . . . . . . 17

2.3.3 The wetting state transition . . . . . . ... ... .. ... 19

2.3.4 Contact angle hysteresis . . . . . .. .. ... ... .... 21

2.4  Mechanisms of superhydrophobic wetting . . . . . . .. ... ...
2.5 Superhydrophobicity in nature . . . . . . ... ... ... ... .. 201
2.5.1 Structure of cuticle . . . . ... ... oo 7

X



CONTENTS

2.5.2 Lotus effect vs. petal effect . . . . . .. ... ... ... ..
2.5.3  FEucalyptus in Australia . . . . . ... .. ... ... .... 311
2.6 Applications of superhydrophobic surfaces . . . . ... ... ... 32
2.7 Biomimetic surface development . . . . . . . .. ..o 351
2.7.1 Roughening hydrophobic materials . . . . ... ... ... B7
2.7.2  Hydrophobic treatments of roughened surfaces . . . . . . . B7

2.7.3  Depositing hydrophobic materials with rough topography .

References . . . . . . . .

3 Water Repellency of Selected Australian Native Leaves and Di-

atoms 531
3.1 Introduction . . . . . . . . .. ... 531
3.2 Experimental procedure . . . ... ... ... ... ... ... .. 5%
3.2.1 Sample collection and preparation . . . . . . .. ... ... H3l
3.2.2 Instrumentation . . . . . .. ... B3]

3.3 Results and discussion . . . . . .. ... oL Hol
3.3.1 Hairyleaves . . . . . . . . ... o hS]

3.3.2 Palm-tree-like hairs . . . . . . . ... ... 631
3.3.3 Micro-ridge topography . . . . . . .. .. ... 60!
3.3.4 Modelling of diatoms . . . . . . . ... ... 6]

3.4 Conclusions . . . . . .. .. 73]
References . . . . . . . . [74]
4 Hydrophobic Australian Fucalyptus Leaves 79
4.1 Introduction . . . . . . . .. .. [79]
4.2  Experimental procedure . . . ... ... [R1l



CONTENTS

4.2.1 Sample preparation . . . . . ... ... ... &T]
4.2.2 Instrumentation . . . . . . . ... ... &1l
4.3 Results and discussion . . . .. ... ..o
4.3.1 Surface morphology . . . . . . . ... ... ... ...
4.3.2 Contact angle calculations . . . . .. .. ... ... .. .. 89|
4.3.3 Analysis of wetting robustness . . . . . . ... ... .. .. 911
4.3.4  Analysis of surface free energy . . . . . . . ... ... .. 95}
4.4 Conclusions . . . . . . . .. o7
References . . . . . . . . . 108]

Fabrication of hydrophobic surfaces using self-assembly and photo-

lithography methods I13
5.1 Imtroduction . . . . . . . .. .. 113l
5.2 Experimental details . . . . ... ... o000 116

5.2.1 Self-assembly of hydrophobic films on glass slides . . . . . 116

5.2.2 Fabrication of square arrays of microscopic cylindrical posts

using photo-lithography . . . . ... ... ... ... ... 116l

5.2.3 Instrumentation . . . . . .. ... 117

5.3 Results and discussion . . . .. .. ..o 118
5.3.1 Wetting properties of self-assembled coatings . . . . . . . . 18]

5.3.2  Anisotropic wetting on micro-post surfaces fabricated with

photo-lithography . . . . . . . ... .. ... ... . ... 124
5.3.2.1 Contact angles on micro-post surfaces . . . . .. 124
5.3.2.2  Water droplet and contact area patterns . . . . . 128
5.3.2.3 Contact base lengths along the contact line . . . [130]

X1



CONTENTS

7

5.3.2.4  Tilt stage experiments . . . . . . .. ... .. ..
5.4 Conclusions . . . . . . . .. 134
References . . . . . . . .

Wetting and mechanical properties of fluorinated diamond-like

carbon coatings 141
6.1 Introduction . . . . . . . . ... [I41l
6.2 Experimental details . . . . .. ... ... ... ... ... ... [143]
6.2.1 Preparation of DLC and F-DLC coatings . . . . . . .. .. 143
6.2.2 Contact angle measurements . . . . . . . .. .. ... ... 144
6.2.3 Surface characterization . . . . . .. ... ... ... ... 144
6.2.4 Surface chemistry . . . . . . ... .. ...
6.2.5 Mechanical tests . . . . . ... ... 0oL [146]
6.2.6 Finite Element Analysis . . . . ... ... ... ... ... 147
6.3 Results and discussion . . . .. ... 148
6.3.1 Surface chemical composition . . . . ... ... ... ... 148
6.3.2 Water contact angle measurements . . . . . .. ... ...
6.3.3 Surface morphology . . . . . . .. ... 153]
6.3.4 Nanoindentation studies . . . . . .. ... ... ... ... 154
6.3.5 Finite Element Analysis . . . . . .. ... ... ... ... 1561
6.4 Conclusions . . . . . . . ... 161
References . . . . . . . . . 16Tl

Wetting and mechanical properties of fluorinated and fluorine-
free diamond-like carbon coatings 167

7.1 Introduction . . . . . . . . . ¥

xii



CONTENTS

7.2  Experimental details

7.3 Results and discussion

7.3.1 Surface chemical composition . . . . ... ... ... ...

7.3.2 Water contact angle measurements . . . . .. ... .. ..

7.3.3 Surface morphology . . .

7.3.4 Nanoindentation studies

7.4 Conclusions . . . . . . . .

References . . . . . . . .

8 Conclusions and future work

APPENDICES

A Operation of Atomic Force Microscopy (AFM)

A.1 Aiming of laser beam

A.2 Setting resonance frequency . .

A.3 Approaching the surface . . . .

A.4 Scanning the surface

A.5 Image analysis and data processing . . . . . . ... .. ... ...

xiil

L9

Lo

LD

L&Dl

LS9

190

195

LL90



CONTENTS

X1v



Chapter 1

Introduction

1.1 Background

Wetting, the contact between a solid phase and a liquid phase, is a ubiquitous
phenomenon as liquid water exists almost everywhere on earth. Different lev-
els of wetting are found in nature. Generally, tree leaves are fully covered by
water film after a shower, while under the same conditions water pools in some
bush leaves, without covering the whole leaf surface. Conversely, spherical dew
droplets, are usually found on grass leaves and spider webs in early autumn morn-
ings in temperate climates. Striking examples include on lotus leaves and bird
feathers. Water forms spherical droplets on the horizontal surfaces in both cases
and readily rolls off when these surfaces are slightly tilted.

The wetting condition on many tree leaves can be categorized as hydrophilic,
on grass leaves and spider webs as hydrophobic, on lotus leaves and bird feather
as superhydrophobic. Different wetting types also support various practical ap-

plications. For example, hydrophilicity is preferred for water adhesion and col-



1. INTRODUCTION

lection, while hydrophobicity is preferred for water-proofing functions including
on clothes, window glass, autos and electronics. Superhydrophobicity, character-
ized with high water contact angles and small roll-off angles, has received most
research attention, due to its additional functions, such as self-cleaning [IH5],
anti-fogging [0], anti-icing [7), 8], buoyancy [9] and drag reduction [10] [11].

The fundamental theory of wetting dates back to 200 years ago, when Young
claimed the existence of a contact angle for a specific combination of solid and lig-
uid [12]. In the mid 20th century, the classical Wenzel [13] and Cassie [14] wetting
models were introduced and incorporated surface roughness factors. Nearly 50
years later, the explicit microscopic images of lotus leaf [15], with structural de-
tails of microscopic papillae and nano-scale wax, indicated the critical importance
of multi-scale surface roughness for superhydrophobicity. Ever since, superhy-
drophobicity has been extensively researched through experiments, calculations
and simulations. Despite major progress has been made on this topic, theoreti-
cal descriptions of wetting modes are still debated and difficulty is encountered

during the conversion of relevant laboratory prototypes to industrial use.

1.2 Motivation for the research

Wetting has been studied extensively in the past two decades. Various models
have been built to simulate wetting conditions on surfaces with different geom-
etry [I6HI8]. Physics, mechanics, dynamics, kinetics and thermodynamics have
been introduced to the theoretical studies on different scale levels [19]. However,
questions such as how nano-structures specifically affect a surface’s wettability

and how wetting conditions transition, are still left unanswered [20].



1.2 Motivation for the research

Hundreds of materials and dozens of fabrication techniques have been com-
bined to generate surfaces with extreme wetting properties [21]. Impacts of wet-
ting properties on other natural occurrences, such as corrosion and friction, have
been scrutinized and utilized in laboratories [22, 23]. However, the commercial-

ization of these artificial water-repellent surfaces has faced several challenges.

1. Most of these fabricated surfaces are quite fragile [24] and are easily dam-
aged by mechanic impacts or even gentle rubbing. Specifically, most sur-
faces with low surface energy are made of organic polymers, which are usu-

ally less mechanically robust than inorganic materials, especially metals.

2. These fabricated surfaces still absorb oil and grease contaminants, even
though they are rendered superhydrophobic for self-cleaning [25]. Oily
substances can easily adhere, impregnate and block the fine structures of
water-repellent surfaces, due to their low surface energy. Eventually, the
accumulation of dirt particles significantly reduces of superhydrophobic or

water-repellent properties.

3. These fabricated surfaces cannot repair themselves from some segmental
malfunction [25]. In contrast, plant leaves may be delicate and fragile, but
they can regenerate their hydrophobic epicuticular wax layer quickly and
recover full surface properties. This self-repairing property compensates for

the fragility of wax layers and secures long-time stability.

Although it is difficult to duplicate the surface morphology and biological sys-
tem of a living plant leaf using today’s science and engineering, it is still possible
to simulate water repellent behaviour on fabricated surfaces by harnessing chem-

ical reactions and physical transitions. By observing water-repellent surfaces in



1. INTRODUCTION

nature, several artificial surfaces have been fabricated to mimic plant leaf surfaces
successfully [26], 27]. The current study aims to find specific wetting scenarios
on native Australian plant leaves and explore the relationships between topog-
raphy and wetting properties, given the occurrence of arid climates in Australia
and plant species. The thesis should contribute to some extent to its unique and

diverse knowledge of wetting and help overcome some challenges listed above.

1.3 Scope of thesis

The current study follows a bio-inspired strategy: revealing structures of par-
ticular plant leaves, building models by simplifying the structures, performing
relevant calculations and analysis, and finally undertaking experimentation with
artificial surfaces.

Firstly, the thesis focuses on surface imaging of selected native Australian
plant leaves using Scanning Electron Microscope (SEM). Corresponding wetting
scenarios for each species, such as high contact angles, strong surface adhesion,
and directional collection are identified using contact angle instruments. The
selected species are divided into different categories for further discussion. Models
are subsequently constructed for calculations that employ critical pressure and
free surface energy strategies. The roles of micro-structures and nano-structure
play in surface wetting are discussed based on theoretical predictions.

Artificial surfaces characterized with microscopic cylindrical posts are fabri-
cated in order to study the influence of micro-structural geometric parameters
on surface wetting. Fluorine-doped diamond-like carbon (F-DLC) coatings are

also prepared to study their wetting and mechanical properties. These artifi-



1.4 Summary of chapters

cial surfaces, coupled with bio-surfaces found in nature, provide ideal platforms
for further exploration of fabricated surfaces that are mechanically durable and

contamination free.

1.4 Summary of chapters

Chapter 2 presents a literature review on superhydrophobic research. It begins
with general wetting phenomena, classic wetting principles, and development of
wetting theories. Next, the specific wetting phenomenon of superhydrophobicity
is characterised and various applications are highlighted. Fabrication methods for
artificial superhydrophobic surfaces, with different topographies and roughness,
are also summarized.

Chapter 3 summarizes different types of selected native Australian leaves
based on their specific topographies and corresponding wetting attributes. Models
are introduced and analysed to predict wetting scenarios under different hypo-
thetical conditions. Diatoms are also considered at a theoretical level in relation
to the wetting of their external pores.

Chapter 4 describes the special wetting phenomena of several Australia native
Fucalyptus leaves. Their contact angles and topographical details are obtained
and discussed. Models based on the microscopic level are built to perform surface
energy analysis and critical pressure calculations. The calculated surface energy
and critical pressure are compared between Fucalyptus and lotus leaves.

Chapter 5 details the fabrication, wetting and mechanical attributes of micro-
textured surfaces with square arrays of microscopic cylindrical posts. The influ-

ence of micro-post geometric factors on contact angles and surface adhesion is
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discussed.

Chapter 6 and 7 discuss the wetting and mechanical properties of fluorine-

doped diamond-like carbon (F-DLC) coatings.

Chapter 8 gives a brief summary and conclusions on this study. Future re-

search on this topic is also outlined.
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Chapter 2

Literature Review

The natural phenomenon of wetting occurs wherever liquid water makes contact
with a solid surface. Practical procedures are carried out to either facilitate or
prohibit wetting by water in many aspects of the society, from ancient history
to present time. Fundamental principle of wetting can be traced back to the
early 19th century [I]. Nearly in the mid 20th century, two classical models were
introduced to quantitate wetting through surface roughness parameters [2, [3]. It
was not until the 1990’s that the concept of multi-scale surface roughness was
brought into highlight [4]. Ever since, literature in this field has been greatly
nourished by experimentations and calculations based on this critical concept.
Fundamental questions and engineering issues, however, still remain unsolved

and open for further investigation.

11



2. LITERATURE REVIEW

2.1 Surface tension

Wetting is caused and determined by the liquid-solid molecular interaction on
the interface. The green region in Fig. depicts the outmost layer of a liquid
phase (such as water) that is contacting another phase above (such as air). Wa-
ter molecules below the interface readily form an optimal number of hydrogen
bonds with neighbouring molecules to achieve a physical equilibrium with a net
force of zero. However, molecules on the interface are under a different physical
environment, due to lack of neighbouring molecules of the same type beyond the
interface. These asymmetric attractive forces result in surface molecules being
pulling into the liquid bulk and therefore there tend to be fewer molecules on the

interface.

Figure 2.1: Water molecules (marked with green) on the liquid-air interface [5].

A force is thus created with a direction parallel to the interface. Surface
tension is defined as this force along a line of unit length, with an SI (International
System of Units) unit of N/m. Water is among the liquids with highest surface
tensions, with a value of 72.8 mN/m at 20 °C [6]. Surface tension minimizes the
surface area and causes the membrane-like water “skin” to float tiny subjects,

such as a needle or a paper clip, on the interface. Hydrocarbon solvents or oils
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usually have smaller surface tensions, which render their wetting a surface much

easier than water.

2.2 Solid surfaces

For water molecules in contact with a solid surface, there exist two opposing
forces: adhesive force that causes water to spread out on the solid surface and co-
hesive force that minimizes the contact with the solid surface. Water’s behaviour
greatly depends on whether water molecules are more strongly attracted to each
other than they are to the solid phase. A general case with the presence of the
third phase (gas) is analysed in the same way such that all forces balance on the
interfaces. Based on the extent to which water makes contact, surfaces can be
characterized in a range from non-wetting to wetting. In Fig. [2.2h, water makes
the least contact as possible with the surface and forms spherical droplets. In Fig.
2.2, water spreads as much as possible on the surface and makes major contact.
These two conditions are termed as hydrophobic (water-hating) and hydrophilic

(water-loving), respectively.

Figure 2.2: Different wetting conditions: (a) minor wetting (hydrophobic), (b)
medium wetting, and (¢) major wetting (hydrophilic) [7].

The interaction between water molecules and a solid surface plays a critical
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role in determining the surface’s wettability. Conventionally, solids that water
interacts with can be divided into high-energy and low-energy solids. The chem-
ical bonds that hold high-energy solids together are very strong such as metallic,
covalent and ionic, because it takes a large amount of energy to break them. This
group includes metals, crystals, glasses and ceramics. Since the attractive forces
between water and high-energy solids are much stronger than the hydrogen bonds
formed between inner and outer water molecules, a large contact area is favoured

and major wetting is achieved.

Conversely, the chemical bonds that hold low-energy solids together are usu-
ally very weak such as van der waals force and hydrogen bonds, and it requires
very minor energy to break them. This group mainly includes hydrocarbons and
other organic molecules. Water can achieve minor wetting or non-wetting with

low-energy solid surfaces.

In nature, the epidermal layers of many plant leaves are made of long-chain
hydrocarbons [8]. Therefore, water can rarely achieve major wetting on most
plant leaves, rendering them hydrophobic. Lotus (Nelumbo nucifera) has long
become the symbol of purity in eastern Asian religions. They remain clean even
though when growing in muddy water. Water droplets usually remain spherical
on horizontal lotus leaves (Fig. [2.3p). A slight tilt of the horizontal leaves will

cause droplets to roll off (Fig. [2.3p), taking away dust and dirt [9].
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Figure 2.3: Superhydrophobicity on lotus leaves: (a) Water droplets sit on a
horizontal lotus leaf [10], and (b) Water droplets roll off a tilted lotus leaf [I1].

2.3 Theoretical background

2.3.1 Contact angle

Wetting is the intermolecular interaction between a liquid and a solid when they
are brought together and then an interface develops between. The theoretical
description on wetting dates back about 200 years ago. The British genius and
polymath, Thomas Young, presented an epochal essay to the Royal Society in
1804 and published it in 1805. In this article, “An essay on the cohesion of
fluids” [1], Young states, “for each combination of a solid and a fluid, there is an
appropriate angle of contact between the surface of the fluid exposed to the air,
and to the solid.”

Today, contact angle () is termed to describe the water wettability of surfaces
(Fig. [2.4). A high contact angle (90° < 6 < 180°) means that wetting is not
favoured and water tends to maintain the least contact possible with the surface
as shown in Fig. . A low contact angle (0 < 6 < 90°) usually denotes that
wetting is favoured and water tends to disperse and maintain the largest contact

possible (Fig. ).
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Figure 2.4: Schematic illumination of a liquid droplet sitting on a solid surface
and the forces applied on the triple line [12].

Based on Young’s description [I], the physical condition of a droplet is deter-
mined by surface tensions acted on the contact line (also referred as triple line),
where the three phases converge. The net force per unit length acting along the
triple line between three phases is equal to zero. Young’s equation is presented

as follows [13]:

Ysa = Vst + Vi cos by (2.1)

where

fy = Young’s contact angle,

vsq = Interfacial tension between the solid and gas,
vsr, = Interfacial tension between the solid and liquid,

v = Interfacial tension between the liquid and gas.

Large 0y values correlate to high hydrophobicity. When vs¢ > vs1 + Vo,
it means complete wetting. On the contrary, when vs;, > vsa¢ + Yrg, it means

zero wetting. In order to predict wetting, a spreading parameter S is introduced:

S =vs¢ — (st +7Le) = Yra(cosby —1).
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2.3.2 The Wenzel model and Cassie-Baxter model

Young’s equation applies to ideally smooth and flat surfaces. However, when it
comes to reality, such ideal surfaces never exist. Factors other than interfacial
tensions, such as roughness and impurity, also affect the wetting properties to
an unexpected extent. Two models have been built based on the hypothetical

wetting regimes (see Fig. [2.5]).

Figure 2.5: Sketches of the Wenzel model and Cassie-Baxter model [14].

In the Wenzel state, the liquid fills all the voids below the liquid and thus
develops a large contact area. Wenzel introduced a roughness ratio, r, for a
homogeneous wetting regime, and the Wenzel’s equation is described as follows
[2]:

cos Oy = rcos Oy (2.2)

where Oy is the observed contact angle and 6y is the Young’s contact angle as
defined for ideal solid surfaces of the same material. The roughness ratio, r, is
defined as the ratio of the actual area of the solid surface to its projected area
(or the effective area to the geometric area). For a rough surface, r is usually
greater than 1. This formula makes an adjustment for the increase in interfacial

area caused by the presence of a texture or roughness when the liquid contacts a
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surface.

It can be easily deduced that the cosine value of the apparent contact angle
increases as the roughness r increases, and the Young’s contact angle is fixed
for a specific wetting set of liquid and solid surface. For a hydrophilic surface
(0° < By < 90° 0 < cosfy < 1), an increase in roughness leads to an increase
of the value of cosfy and a decrease of fy,. On the contrary, for a hydrophobic
surface (90° < fy < 180°, —1 < cosfy < 0), an increase in roughness causes a
decrease of the value of cosfy, and an increase of #y,. That is, an increase in
roughness will enhance either hydrophilic or hydrophobic properties of a surface
accordingly [15]. However, even though there is a possibility that a roughness
with certain values (r > 1/|cosfy|) will bring any surface to complete wetting
(Bw = 0°) or complete dryness (fy = 180°), this possibility contradicts outcomes

of practical experiments.

In the Cassie state, the droplet, as illustrated in Fig. [2.5, rests upon the
asperities with gas filling all the voids below. The interfacial area is therefore
less than it would be for a droplet of the same volume and apparent contact
angle in the Wenzel state. To compensate the reduction in actual interfacial
area, f, a fraction of solid surface area wetted by the liquid is introduced. The

Cassie-Baxter equation (Cassie’s law) is presented as below [16]:

COS QCB = Tff COS Qy + f —1 (23)

where 0¢cp is the Cassie-Baxter contact angle, r¢ is the roughness ratio of the sur-
face area wetted by the liquid and f is the fraction of solid surface area contacting

the liquid on the horizontal plane. When f = 1 and r; = r, the Cassie-Baxter
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equation is simplified to the Wenzel equation. When the interface contains var-
ious fractions of surface roughness, each fraction factor of the total contact area
is denoted by f;. The sum of all f; is equal to unity or 1. The Cassie-Baxter

equation can also be generalized for multiple fractions of surface roughness as [17]

N
Yoy cosOcp = Z fi(%’,SV - %’,SL) (2'4)

n=1

Here vy is the interfacial tension between the liquid and vapour, v; sy represents
the solid-vapour surface tension on each component and ;¢ means the solid-
liquid interfacial tension of each component. For a two component system, the

Cassie-Baxter equation is specified as below [17]:

Yrv cosbop = fi(y,sv — Ms0) + (1 — fi)yey (2.5)

2.3.3 The wetting state transition

The wetting scenario transition between two classical models — Cassie-Baxter
and Wenzel — is worth studying due to its myriad practical applications in en-
gineering. Based on some practical experiments [I8], the transition from Cassie-
Baxter to Wenzel can be a one-way process and the opposite phenomenon has
never been witnessed.

The transition is assumed to take place when the contact angle can fulfil
both the Wenzel equation and the Cassie-Baxter equation. By combining these
two equations, the contact angle during the transition is solved: cosfy = (f —
1)/(r —r¢f), where f = 1 — fra. Nosonovsky and Bhushan [I8] studied how

contact angle changes with roughness of superhydrophobic surfaces by plotting
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these two equations. In the Wenzel wetting regime (Fig. [2.61), the value of cos @
decreases with the increasing roughness at a slope less than -1 (because roughness
r > 1). In the Cassie-Baxter wetting regime (Fig. [2.6}i), the value of cos§ also
decreases with the increasing roughness, but at a slope between -1 and 0 (because

roughness Ry ~ 1 and 0 < (1 — fr4) < 1).

Figure 2.6: The cosine value of contact angle plotted as a function of roughness
for superhydrophobic surfaces [18].

Increased roughness may facilitate the wetting transition from the Wenzel
scenario to the Cassie-Baxter scenario. However, the opposite transition (from
metastable Cassie state to the Wenzel state, Fig. [2.6}iv) has never been confirmed
experimentally. Nosonovsky and Bhushan [I§] explained the unlikeliness by the
high energy barriers during the transition that are caused by destabilization. Fig.
also indicates the apparent contact angle tends to follow the Wenzel wetting
regime on hydrophobic surfaces with mild roughness and obey the Cassie-Baxter
wetting regime on highly rough hydrophobic surfaces.

The wetting state transition between Cassie-Baxter and Wenzel has been

widely studied under specific conditions. Two types of wetting transition have
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been discussed: 2D character of wetting transition with liquid filling all pores
underneath the droplet, and 1D character of wetting transition with liquid filling
only pores in the vicinity of the triple line [19]. Wetting transition was also ob-
served in experiments when the critical value of force acted on the unit length of

the triple line is reached.

It has been deduced that both the Wenzel and Cassie-Baxter states can co-
exist on hydrophobic surfaces (fy ~ 100°) with moderate roughness (r; ~ 2)
[16, 20, 21]. The method by which a droplet is created also determines the
wetting regime. For example, dispensing a water droplet on a moderately rough
surface can result in the Cassie-Baxter state with air pockets locked in the surface
asperities. However, when the water droplet is produced by steam condensation,
the Wenzel wetting regime is more likely to develop for the droplet [22]. It is
reasoned that gaseous water molecules can penetrate the micro-roughness of the

surface and fill up the cavity with gradual condensation.

The wetting state transition can also be triggered by external factors. When
pressure is applied to a water droplet on the Cassie-Baxter state, a transition to
the Wenzel state can also happen [22, 23]. Even though the transition has been
studied from different approaches and methods, there is still controversy about

which particular mechanism rules the process.

2.3.4 Contact angle hysteresis

The contact angles mentioned above, 0y, 6y and Ocp, deal with macroscale en-
vironments and they are normally called “apparent contact angles”. The actual

contact angles, at which the liquid-air interface meets the solid surface at the
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micro- and nano-scale roughness, can be very different according to Nosonovsky
and Bhushan [24]. Furthermore, recent theoretical studies put the Wenzel equa-
tion and the Cassie-Baxter equation into a thermodynamic framework. When a
liquid wets an ideal surface, classic theory predicts only one single contact angle at
a thermodynamically stable state. However, a wide range of different metastable
states for a wetting system exists in the real world caused by a series of free
energy barriers. Thus, the contact angle of one single wetting system presents as

a range of values.

Consider the case of a sessile drop that is never thermodynamically stable
in an open system, if additional liquid is added (Fig. ), the contact line
advances. The drop displays an advancing contact angle (6,4,) each time the
motion ceases. Accordingly, if some volume is taken away from the drop, the
contact angle exhibits a receding value (6,..) before the contact line retreats.
Alternatively, when a droplet is moving on a tilted solid surface (Fig. 2.7b), the
advancing contact angle (0,4,) is defined as the contact angle measured at the
front of the moving droplet and the receding contact angle (6,..) refers to the
back of the droplet. The advancing contact angle (6,4,) is usually greater than

the receding contact angle (6,..), because of the surface roughness.

This difference between 60,4, and 6,.. is referred to the contact angle hysteresis
(AQH) )
AHH = eadv - erec (26)

And the value of a contact angle falls between the advancing contact angle (6,4,)

and the receding angle (6,..) at different metastable states.

Andrade [26] discussed at least six known sources of contact angle hystere-
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Figure 2.7: Two conditions that advancing and receding angles can be measured
[25]: (a) a liquid droplet in contact with rough surface when the volume is added
or removed, (b) a liquid droplet moving on a tilted surface with a tilt angle «.

sis categorized into two groups: thermodynamic and kinetic hysteresis. Surface
roughness and surface heterogeneity are two sources for thermodynamic hystere-
sis and are the most common practical sources. The Wenzel equation and the
Cassie-Baxter equation actually describe these two factors individually. A con-
clusion can be drawn from a heterogeneous surface: the advancing angle and
the receding angle reflect the characteristics of the low-energy portion and the
high-energy portion of the surface, respectively. Similarly, Bhushan and Jung
[25] considered that contact angle hysteresis is relevant to energy dissipation on
the droplet’s flow path. Kinetic hysteresis is related to time or cycle dependent

changes in the contact angle.

Small contact angle hysteresis leads to very small water roll-off angles. This
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is clearly associated with surfaces bearing self-cleaning abilities such as the lotus
leaves. To correctly characterize a surface, it is very important to measure or

calculate contact angle hysteresis.

Nosonovsky and Bhushan [27] proposed that contact angle hysteresis equals
the sum of the so-called adhesion hysteresis and a term related to the effect of
surface roughness, H,. They applied eq to the advancing and receding angles

and derived the following equation:

€08 Oady — €08 Oree = Rp(1 — fr,4)(co8 Ouapo — €OSOreco) + H,y (2.7)

O uavo and 0, refer to the advancing and receding angles for a smooth surface.
The first part on the right side of the equation correlates to the contact angle
hysteresis for a smooth surface. H, is equal to the perimeter of the asperity
per unit area. In an extreme example of very small solid-liquid fraction of the
interfacial area, when the contact angle is large and contact angle hysteresis is

small, the above equation can be modified to [27]:

cos 0,0 — cos 0, cos 6,9 — cos b,
eav_e'rec: 1— R : = ‘\/].— R
! (1= fua)By — sin Oy ( Jua) f\/Q(Rf cosfy+ 1)
(2.8)
fra is equal to zero for a homogeneous interface (the Wenzel wetting regime).

For a composite interface, it is non-zero and a small value of f;4 will lead to a

small contact angle hysteresis, which is favoured for self-cleaning properties.
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2.4 Mechanisms of superhydrophobic wetting

A surface is entitled as superhydrophobic (exchangeable with ultrahydrophobic,
self-cleaning, super water repellent) when it is characterized by a high water
contact angle (> 150°) and a small contact angle hysteresis. Recent investigations
on natural superhydrophobic plant leaves, such as the lotus leaf, have shown that
these leaves have hierarchical surface structures (Fig. . These epidemic waxy
surfaces consist of micro-bumps of epidermal cells and nano-bumps of epicuticular

wax.

Figure 2.8: SEM micrographs show that Lotus leaf surface is composed of micro-
scale papillose epidermal cells and nano-scale epicuticular wax tubules [28].

It becomes a consensus that hierarchical structure is of critical importance
for superhydrophobicity. However, mechanisms for hierarchical structures re-
main unexplained thoroughly, resulting from the complexity of diverse surface
topographies and possible wetting scenarios.

Nosonovsky and Bhushan [29] suggested the deciphering of wetting as a multi-
scale process. A set of gradual scale lengths presented on a hierarchical sur-
face, based on their suggestion, are associated with different physical mecha-
nisms which act simultaneously and cooperatively at corresponding characteristic

scales. They prompted experiments to be carried out to test the involvement of
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self-organized criticality, which is relevant to a critical point when the difference
between two phases disappears.

Fiirstner et al. [30] stated that fabricated surfaces with one scale of roughness
can work very well for large “artificial rain” droplets, but they cannot work for
small “artificial fog” droplets. Thus, the hierarchical length system should possess
the ability to repel droplets at a range of sizes. Gao and McCarthy [31] has showed
that two reasons — kinetics of droplet movement and thermodynamics of wetting
— make two length scales important for superhydrophobicity. The dual length
scales lower the transition energy barriers between metastable states and change
the kinetics of contact line recession. They emphasized that the activation energy
for the process of receding is greater than that for the process of advancing for
a droplet on a solid surface. At the same time, very different physics, such as

Laplace pressure and drag reduction slip, is involved about the thermodynamics.

2.5 Superhydrophobicity in nature

Superhydrophobic examples can be widely found in nature. After investigated
hundreds of plant species, Neinhuis and Barthlott [32] concluded that plants with
superhydrophobic leaves can be found in any habitat and herbs in disturbed area
and wetlands dominate this category. Common plants in this category include
lotus, Indian cress, lady’s mantle, tulipa, iris, drosera and eucalyptus etc [32], [33].

Generally, most birds have superhydrophobic feather to keep them dry and
warm. Insects such as butterflies and cicadae grow superhydrophobic wings for
the similar reasons [34, B5]. Micro-scale setae on non-wetting legs of a water

strider enable them to walk on water surface [36]. In the Namibia Desert, Steno-
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cara and Lepidochora beetles harvest water from mist and fog to provide living

water by different means [37].

2.5.1 Structure of cuticle

The thin extracellular membrane on plant leaves is called cuticle. Cuticle protects
plant leaves from environmental influence. Both major constituents of the cuticle
— the insoluble long-chain polymer called cutin and soluble floral grease called
wax — are hydrophobic [38]. Fig. shows a generalized cuticle structure with
an outer layer “cuticle proper” (usually < 200 nm) and a thick inner “cuticle
layer” (up to 17 pm). The thin cuticle proper acts as the primary protective
layer and the cuticle layer has a net-like appearance resulting from the growth of

the epidermal cells.

Figure 2.9: Hypothetical sketch of plant leaf cuticle and its constituents [39].

Thin as a few hundred nanometres, cuticle presents at least but not last
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the following functions: (1) repel water to keep away pathogenic [40, 41], (2)
wash away dust to avoid contamination [41], (3) reduce water erosion and other
mechanic erosion [42], (4) regulate radiation budget and adjust temperature in-

directly [43], 44], and (5) protect from grazing insects [45-47].

2.5.2 Lotus effect vs. petal effect

Since early 1970s, soon after the scanning electron microscope (SEM) became
commercially available, scientists [4, B2, 48] began to investigate tens of thou-
sands of plant surfaces in taxonomic and functional aspects using this new imag-
ing technique. Among them, German biologist Barthlott and Neinhuis concen-
trated on the water-repellent, anti-adhesive and self-cleaning properties of leaf
surfaces [4, 32]. They displayed that leaf surfaces of water-repellent plants are
characterized by rough papillose epidermal cells (Fig. . They concluded that
epicuticular wax and its roughness play a vital role in controlling relevant func-

tions.

Later on, a surprising discovery was found about the way water reacts to
dust when moving on different surfaces (Fig. . On normal surfaces, a water
droplet slides across and leaves dirt particles sticking to the surface. On lotus-like
superhydrophobic surfaces, a water droplet rolls across, picks up dirt and takes
it away on the flow.

The term “lotus effect” was thus coined by Barthlott and Neinhuis for charac-
terizing high contact angles and small roll-off angles and excellent anti-adhesive
abilities. An important reason for plant leaves to have self-cleaning function is

that it keeps water away. Pathogenic germs and organisms readily germinate
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Figure 2.10: A water droplet is moving on: (a) a typical surface, (b) a superhy-
drophobic surface (Picture is cropped from the original [9]).

and multiple on plant leaves with the presence of water. By removing dust from

leaves, plants can also prevent contamination and damage.

Lotus effect is characterized by high static contact angles, low roll-off angles
and self-cleaning properties. Water droplets also keep a spherical shape and high
contact angles on some rose petals. In contrast, water droplets won’t detach even
when the rose petal is reversed (see Fig. [2.11). The very high roll-off angles
indicate a high adhesive force between the petal and water. Feng and co-workers

“petal effect” as compared to the famous

[49] defined this phenomenon as the
“lotus effect”. They found that the rose petal surface is composed of periodic
array of micropapillae with an average diameter of 16 pm and height of 7 pm.
On each micropapillae there are cuticular folds with a width of around 730 nm.
These rose petals exhibit superhydrophobicity with a contact angle of 152.4°.
Both micro- and nano-structures of rose petals are larger than these of lotus
leaves as shown as Fig. 2.12] Macroscopically, rose petal surface follows the Wen-

zel wetting regime on the micro-structure level and the Cassie-Baxter regime on

the nano-structure level (or described by Feng et al. [49] as “Cassie impregnating
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Figure 2.11: Wetting on rose petals: (a,b) SEM images of a rose petal surface in
different scales, (c,d) a water droplet stays on a red rose petal [49].

wetting state”). Lotus petal surface follows the Cassie-Baxter regime both on the
micro- and nano-structures. Thus water enters the grooves of rose petals but not
the nano-scale cuticular folds. The large contact area of water with rose petals
leads to great adhesive forces which enable water to cling to the petals even when

they are turned upside down.

Interestingly, Bhushan and Her [50] found two kinds of rose petals presenting
lotus effect and petal effect respectively. By using AFM, they found that the
rose petal with low adhesion (lotus effect)has a higher bump density and a lower
peak-to-base height of microstructures compared with that with high adhesion

(petal effect).
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Figure 2.12: Sketch of water-liquid interfacical contact on petal and lotus leaf
[49].

2.5.3 Fucalyptus in Australia

Eucalyptus is a dominant species in Australia. The question why Eucalyptus has
adapted so well to Australia’s various stern climates has usually triggered more
and more research about this group. Hallam and Chambers [51] undertook an
investigation of 315 species of the genus Eucalyptus about the patterns of leaf
wax structure to assist the taxonomical categorization. They revealed that for
Eucalyptus leaves there are mainly three wax types: plates, tubes, and a mixture
of both. Major chemical components of many Eucalyptus epicuticular waxes
include long-chain alkyl S-diketones and alkyl primary alcohols [52]. Generally,
tubular wax is consisted of alkyl (-diketones and plate wax is made of alkyl
primary alcohols |51 [52].

Edwards’s work [46] demonstrated that the wax layer on some kinds of Eu-
calyptus keeps the juvenile leaves away from tortoise beetles’ feeding. With the

presence of the wax layer, an adult beetle cannot land on the juvenile leaves
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easily, since the beetle’s claws penetrate the cuticlar structure and no contact
area is formed between the adhesive setae and the leaf. Brennan and Weinbaum
[53, 54] obtained the similar results after studied the adherence of psyllids to both

glaucous young and glossy mature leaves of Eucalyptus globulus.

2.6 Applications of superhydrophobic surfaces

Principles of superhydrophobicity and superhydrophilicity can be applied wher-
ever an interface develops between a liquid and a solid. To decrease the liquid-
solid interface area, superhydrophobicity is favoured to aim high contact angle
and the Cassie composite non-wetting regime. To increase liquid-solid interface
area, superhydrophilicity is favoured to aim low contact angle and the Wenzel

wetting regime.

e Self-cleaning, non-wetting, non-icing and non-sticking Plants with
self-cleaning properties, such as Lotus and India Cress, have been stud-
ied extensively in order to fully understand their mechanisms and apply
similar principles into daily lives. In 1999, a Lotus-Effect® facade paint
was launched to focus on removing dust by droplets rolling off the build-
ing external surface without wetting it. Containers coated with a special
nano-particle powder (Aeroxide LE®) for multi-purpose applications can be

evacuated without any residues.

e Anti-corrosion and anti-fouling Liu and co-workers [55] treated copper
substrates with n-tetradecanoic acid to form a stable flower-like superhy-

drophobic film, which induced a high contact angle of 158° and improved
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the corrosion resistance of copper significantly. Scardino et al. [56] found
that coating roughness, air incursion efficiency and air retaining capacity

contribute to the anti-fouling function.

Reduction of drag Truesdell et al. [57] tested shear flow on a grooved
texture with a superhydrophobic coating. The reduction of effective fluid-
surface contact area promoted less drag force and favourable slip condition

changes.

McHale et al. [58] illustrated the drag reducing effects of flow on superhy-
drophobic interfaces (Fig. [2.13). When a Newtonian liquid flows along a
circular channel enclosed by a solid wall, there is a parabolic distribution of
the velocity on the cross-section with a maximum value in the centre (Fig.
2.13h). When the upper half of the solid interface is replaced by air, the
velocity reaches the maximum on the liquid-air interface due to the conti-
nuity of the shear stress from the centre to the interface (Fig. [2.13p). In
the case of a superhydrophobic solid tube, a thin film of air can be expected
to exist between the liquid flow and solid wall. The velocity of liquid flow
should follow a balanced distribution due to the significantly reduced drag
friction (Fig. [2.13c).

Microfluidic devices On the micro- and nano-meter level, liquid exhibits
surprisingly particular wetting properties and flow behaviours, due to a
large surface-to-volume ratio. A capillary length, k., is defined as follows

when considering a liquid drop placed in gas [33]:

ke = | 22€ (2.9)
pg
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Figure 2.13: Schematic illustration of velocity distribution on the cross-section of
a laminar flow in [58]: (a) a normal solid tube with high drag friction on the inter-
face, (b) a normal tube with upper half replaced by air, and (c¢) a superhydrophobic
tube with liquid-air interface built up to reduce drag friction.

Where 71 is the surface tension at the liquid-gas interface, p is the liquid
density and ¢ is the gravitational acceleration constant. For a liquid droplet
with a size less than capillary length, its gravity is relatively insignificant
and can be ignored when predicting the liquid droplet shape at the equi-
librium state. Water’s capillary length at ambient temperatures is ~ 2.7

mimn.

Vorobyev and Guo [59] produced parallel microgrooves with depths of round
30 pum on glass surface using amplified Ti:sapphire laser system. A super-
wicking phenomenon was observed when distilled water droplets of 16 uL
were dispersed on the laser-patterned surface: water wetted the surface
along the orientation of microgrooves even when the glass surface was set

up vertically (in which water flowed upwards on glass).

By coating the channel walls with responsive polymers, Ionov et al. [60]
developed smart microfluidic channels that can switch the wettability of
channel walls between hydrophobic and hydrophilic. They used this device

to separate a mixture of water and toluene.

e Water collection
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The Namibia desert Stenocara beetle is a perfect example in nature of water
collection. Cohen et al. [61] designed a combination of superhydrophilic
patterns on superhydrophobic surfaces to mimic the beetles back. Spider
silk web is another distinct example that harvests water in the morning
fog and transport it directionally [62]. Water collection efficiency could be
manipulated by adjusting the superhydrophobic/hydrophilic pattern on the

surfaces and their ratio on the pattern areas.

2.7 Biomimetic surface development

As presented above, it is distinct that micro- and nano-structures on plant sur-
faces, including cellular protrusions, cuticular foldings and wax platelets, reduce
the contact area dramatically between water and the plant leaf surface by the
combination of hydrophobic chemistry and multi-scale roughness. Finally, the
formation of an enlarged water/air interface leads to a composite wetting regime
with air pockets trapped among the epicuticular wax asperities.

Based on the principles learned from nature, various techniques have been
exploited for superhydrophobic surface fabrication and coatings by combining hy-
drophobic chemistry and geometric effects. Research in this field has been growing
since the middle 1990s, when more and more applications of nano-structure sur-
faces have been revealed. In general, techniques employed for delicate construc-
tion, such as lithography, etching, dipping and self-assembly, can been trans-
formed to fabricate superhydrophobic surfaces. Bhushan and Jung [25] have
summarized these fabrication techniques and listed them in Fig. 2.14] The ad-

vantages and disadvantages of these fabrication techniques are listed by Bhushan
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and Jung [25] shown in Table 2.1]

Figure 2.14: Various fabrication techniques for creating micro/nanostructures
[25] .

Table 2.1: Pros and cons of different fabrication techniques [25].

Techniques Pros Cons

Lithography  Accuracy, large area Slow process, high cost

Etching Fast chemical contamination, less control
Deposition Flexibility, cheap Can be high temperature, less control
Self-assembly  Flexibility, cheap Require suitable precursor

A prerequisite for putting such surfaces to work in optics and glass is trans-
parency, which necessitates the surface roughness scale smaller than the wave-
length of visible light (400-700 nm).

Two key components for building a superhydrophobic surface are roughness
and hydrophobicity. According to the process to render these surfaces super-
hydrophobic, Kim [33] categorized the fabrication approaches into three groups:

1) roughing hydrophobic materials, 2) making rough structures followed by hy-
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drophobic treatments, 3) depositing hydrophobic materials with rough textures.

2.7.1 Roughening hydrophobic materials

Flat poly(tetrafluoroethylene) (PTFE) surfaces usually have a water contact an-
gle of 115-120°. After treatment with plasma etching, the widely used method
for fluorinated polymers, water contact angles on these surfaces can be increased
to 170° [63]. PTFE surfaces can also be simply stretched to double their original
length to create additional micro roughness.

Poly(dimethylsiloxane) (PDMS) is another hydrophobic polymer that can be
easily treated with laser abrasion to created micro- and nano-structures which
ensure large contact angles and small roll-off angles. After processed as an
oligomeric liquid form, PDMS can be cured into a solid to duplicate surface tex-
tures. Lotus leaf like PDMS surface has been fabricated by this process [64]. Sim-
ilarly, hydrophobic hydrocarbon polymers, such as paraffin [65] and wax crystals
[8, 28], [66] can also be processed by plasma etching to impart superhydrophobic

properties on surface.

2.7.2 Hydrophobic treatments of roughened surfaces

Theoretically, delicate roughing can render any surfaces superhydrophobic. More
widely, material surfaces are roughened first and followed by hydrophobic treat-
ments. Roughness can be created on polycrystalline metal surfaces by chemical
etching [67], 68], on polymer surfaces and glass by plasma process [69], on silicon
surfaces by high power pulsed laser [69]. Qian and Shen [67] carried out sim-

ple chemical etching by immersing polycrystalline metals in a Becks dislocation
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etchant at room temperature and subsequently hydrophobized the etched surface
with a fluoroalkylsilane solution in methanol. The use of a Becks dislocation
etchant ensured the preferential dissolving of the dislocation sites on the surface

which led to surface roughness.

Techniques used widely in semiconductor process, photo-lithography and elec-
tron beam lithography, have been applied to periodic micro-patterning with ac-

curate control of dimensions and shapes [30].

Nanosphere lithography has also been developed for nano-patterning by de-
positing mono-dispersed polystyrene or silica nanoparticles in a lattice array [70].
Various nanowires and nanotubes have been synthesized or dispersed vertically
on smooth surfaces by chemical vapour deposition. A second chemical vapour

deposition makes these surfaces remarkably superhydrophobic [71].

Another popular method is lay-by-layer thin film deposition. Charged poly-
electrolytes or nanoparticles are deposited on the surface according to electrostatic
interactions and hydrogen bonding. The film thickness and roughness can be
precisely manipulated by varying particle size and deposition conditions. These
films are thereafter fluorinated on the outmost layer to achieve superhydropho-
bicity [72], [73]. Metals and conductive polymers can be deposited lay-by-layer in

an electrochemical process.

Sol-gel process is a widely used method to create porous rough surface by
including a secondary component in the process and removing it with hot water

or sublimation. Hydrophobic treatments include fluorinated silane coating [74].
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2.7.3 Depositing hydrophobic materials with rough to-
pography

Creating both roughness and low surface energy surface in one single step is desir-
able and efficient. In a sol-gel phase-separation process [75], hydrophobicity has
been achieved on the organo-functionlized inorganic precursors when the condi-
tions are carefully adjusted. Electrospinning, a popular technique used to make
ultra-thin polymer fibre, can work with hydrophobic polymers and produce su-
perhydrophobic fibre mats on the collector [76]. Plasma polymerization has been
applied on fluorinated carbon films with certain roughness to induce multi-scale

structures that leads to superhydrophobicity [77].
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Chapter 3

Water Repellency of Selected
Australian Native Leaves and

Diatoms

3.1 Introduction

Water repellency is found widely on plants in habitats ranging from tropical to
arid and in live forms from herbaceous to ligneous [1]. The different water repel-
lent behaviours on the leaves of various plants, such as lotus (Nelumbo nucifera),
Indian Cress ( Tropaeolum majus) and Lady’s Mantle (Alchemilla vulgaris), can
be related to survival strategies for specific environments and ecosystems.
Generally, hydrophobicity is essential for plant leaves to avoid pathogenic
organisms, dust contamination and stomata blockage. Strong hydrophobicity
is usually found on water plants, for which there is excessive water. Moderate

hydrophobicity is observed on plants in arid or semi-arid environments. Different
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degrees of hydrophobicity, for example, the lotus effect [I] and the petal effect
[2], relate to applications in self-cleaning [3] and micro-volume liquid transfer
[4]. Given that millions of floral species developed certain types of wettability
over billions years of evolution [5], it might be worthwhile to investigate leaf
surface structures, which can bio-inspire the design and fabrication of artificial

hydrophobic surfaces for different applications.

As single celled organisms floating in the ocean, diatoms cause tedious prob-
lems for marine vessels due to biofilm formation on the hulk. Adhesion strength
of diatoms is generally associated with surface wettability. Diatom cells usually
adhere firmer to hydrophobic surfaces than to hydrophilic surfaces. Understand-
ing the wettability of diatoms could assist the development of marine antifouling

coatings.

In this chapter, a few native Australian species were selected to assess their
surface structures and leaf hydrophobicity. Different morphologies were divided
to categories and their possible mechanisms of hydrophobicity were discussed.
Furthermore, special wetting properties, such as directional hydrophobicity, were
investigated. A model was constructed based on the geometry of diatoms and a
surface free energy analysis was carried out on the model to study the hydropho-

bicity of diatoms.
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3.2 Experimental procedure

3.2.1 Sample collection and preparation

Fresh leaves of 26 native Australian plant species were collected from actively
growing specimens in the nursery at the State botanic garden, Kings Park in
Perth, Western Australia. Table lists the species studied and their epidermal
relief.

2 were carefully excised from the abaxial side of these

Squares of 100 mm
leaves for optical observation and contact angle measurements. Smaller squares
of 4 mm? cut from these leaves were freeze-dried prior to SEM examination using
an Emitech K775X Turbo Freeze Dryer (Quorum Technologies Ltd, Kent, UK).
The following time-temperature path was adopted: holding at -120 °C for the
first 5 min, then gradually rising to -65 °C over a period of 14 hrs and finally

increasing to room temperature over 10 hrs.

3.2.2 Instrumentation

Contact angle measurements were performed at ambient temperatures using an
FTA1000 Drop Shape Analysis instrument (B Frame System, First Ten Angstroms,
Virginia, USA) equipped with an automated dispensing syringe and a computer-
controlled tilt stage. To ensure an even surface for water dispersal, leaf samples
were fixed on the stage by double-sided adhesive tape before the application of
5 pL water droplets. The average water contact angle (n = 5) was obtained by
analysing the sessile drop images using Drop Shape Analysis software affiliated

with the goniometer. In order to measure roll-off angles, the stage tilt angle was
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Table 3.1: Selected native Australian plant species for hydrophobic investigation.

Sample No. Species Epidermis description
S#1 Scaevola globosa Hairy (medium)
S#2 Anthotroche pannosa Hairy (medium)
S#3 Lachnostachys verbascifolia Hairy

S#H4 Dicrastylis fulva Hairy (medium)
S#5 -6 (sample lost)

S#6 Keraudrenia velutina ssp. velutina Convex

SHT Pimelea sylvestris Papillose

SHS8 Fucalyptus woodwardii Papillose (glaucous)
S#9 Fucalyptus pruinosa Papillose (glaucous)
S#10 Melaleuca globifera Smooth

S#11 Corymbia confertiflora Convex

SH#12 -6 Smooth (sample lost)
S#13 Cyanostegia angustifolia Papillose

S#14 Cycas pruinosa Convex (glaucous)
S#15 Conostylis robusta Convex

S#16 Thomasia macrocarpa Hairy (minor)
S#17 Banksia petiolaris Hairy (back)

SH#18 FEucalyptus pachyphyllaa Smooth

S#19 Fucalyptus species Papillose

S#20 Fucalyptus dolorosa Convex

S#21 Eucalyptus eudesmioides Convex (glaucous)
S#22 Eucalyptus eudesmioides (duplicate sample)
S#23 FEucalyptus oxymitra Convex

S#24 Eremophila hillii Hairy (minor)
S#25 Fucalyptus lane - poolei Convex

S#26 Fucalyptus gomphocephala Convex

“*Sample was lost during preparation and only partial data was obtained.

gradually increased at a speed of 1 deg/sec from 0° until the point where the

water droplet began to move along the stage.

Optical images were obtained using a Moticam 2300 digital camera (Motic

Instruments Inc., B.C., Canada).

For Scanning Electron Microscopy (SEM) analysis, specimens were mounted

o4



3.2 Experimental procedure

Figure 3.1: An FTA1000 Drop Shape Analysis instrument (system control and
data analysis on a desktop not shown).

on aluminium stubs with carbon tabs prior to being sputter-coated with 10 nm
carbon and 3 nm platinum. SEM imaging was conducted at 10 kV accelerat-
ing voltage and a working distance of 10 mm using a field-emission SEM (Zeiss
VP1555, Oberkochen, Germany). Other operating parameters were: aperture
size = 30.00 pm, signal = SE2, gun vacuum = 1.30x107!° Torr. Ten measure-
ments of surface features were performed on each SEM image, from which the

average and standard deviation values were derived.
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3.3 Results and discussion

Various wetting conditions were observed on the study species. Water tends to
spread out on some plant leaf surfaces, such as S#10, S#12, S#14, S#17, and
S#18, and forms contact angles in the range 30°-85°. As shown in Fig. [3.2h,
these hydrophilic leaves tend to have a glossy and smooth surface. For the other
species, however, water droplets form spherical shapes with contact angles in the
range 110°-140° (Fig. 3.2b) and usually 5 pL droplets stick firmly to the leaf

surface when it is tilted gradually from 0° to 180°.

Figure 3.2: Typical hydrophilic and hydrophobic native Australian plant leaves:
(a) S#12 and (b) S#25.

Based on the leaf surface topographies, the selected species were categorized
into four groups (see Fig. [3.3): (a) hairy, (b) palm-tree-like, (c) papillae and (d)
micro-ridge. Hairy leaves have a thick layer of hairs, of different morphologies,
covering both the adaxial and abaxial leaf surfaces. Species S#1, S#2, S#3,
S#4, S#5, and S#17 belong to this group. A palm-tree-like surface morphology,
which is characterized by many micro-structures on the leaf surface with the
shape of a palm tree, is found on species S#6, S#16 and S#24. Micropapillae

cells are found on the surface of most of the Fucalyptus species studied. This

o6
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group include species S#7, S#8, S#9, S#11, S#18, S#19, S#20, SH#21, S#22,
S#23, S#25 and S#26. The last group, with micro-ridge topography is found on
species S#15. While the Fucalyptus group that will be presented in a separate
chapter, the surface morphology and wettability of other groups are individually

discussed in this chapter.

Figure 3.3: A schematic illustration of four categories of native leaves in this
study (side view): (a) hairy, (b) palm-tree-like, (¢) papillae, and (d) micro-ridge.
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3.3.1 Hairy leaves

Hairy leaves have thick, fuzzy hairs covering the whole cuticle and therefore a

physical protection layer is formed between the cuticle and the external environ-

ment (See Fig. [3.4).

Figure 3.4: Water droplets on three hairy native Australian leaves: (a) S#1, (b)
S#3, and (c) S#5.

In Table[3.2] water contact angle (WCA) values of less than 90° were observed
on S#2. WCA values of greater than 115° were obtained on the three other
species. Given the arid and dry environments in many parts of Australia, these
leaves present surprisingly strong hydrophobicity. Additionally, water droplets of
5 pL stuck firmly to the leaf surfaces when the leaves were inverted. No droplet

was observed to roll off in the leaf surface tilting experiments.

Table 3.2: WCA values of study hairy species (n=5).

Sample No. Species WCA (°)

S#1 Scaevola globosa 130.2 £ 1.8
SH2 Anthotroche pannosa 84.3+2.3
S#3 Lachnostachys verbascifolia 115.7 + 1.6
SH#4 Dicrastylis fulva 121.0+ 2.5
SH#17 Banksia petiolaris 1409+ 1.9
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3.3 Results and discussion

The SEM images of three study species are shown in Fig. [3.5| Different
topographies, including upright brushes, upstanding tree-like hairs and entangled
fibre-like hairs, are evident on these leaf surfaces. Compared to the thickness
of leaves that is determined as the distance between the cuticle layers on the
front and back of the leaves, the hairs have lengths of at least three-fold greater
magnitude. Micro-bumps of nearly 1 um across were observed on some individual
hairs of all three species in Fig. |3.5 The density projecting from the cuticle layers
varies from one to another. The thick layer of hairs on the cuticle is believed to

function as a mediator of moisture, radiation and air circulation.

These hairy leaves have entirely different morphologies to the well-established,
multi-scale roughness of lotus [3] and may repel water with individual strategies.
Researchers have identified contact angles below 60° along Lady’s Mantle hairs,
which indicates their hydrophilic properties [6]. A bundle of hairs lifted a water

droplet deposited on the cuticula thus keeping that surface dry [6].

In the current study, when water comes into contact with upright hairs on
the leaves, hairs are pulled together due to water surface energy. Therefore, they
tend to narrow their distance and join together on the upper end. A bundle of
neighbouring hairs thus stick into the water-air interface (Fig. [3.6p). Species

S#1 is very likely to adopt this mechanism, as its hairs are relatively flexible.

The elasticity of hairs becomes critical for hydrophobicity, since most hairs
have to bend in the process and the water-air interface moves towards the cuticula
(substrate). The bending of the hairs leads to a repulsion interaction between

the water-air interface and the cuticula. The elastic energy formed during the
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oy e ()

Figure 3.5: Top (1) and cross-section (2) views of three hairy native Australian

leaves: (a) S#1, (b) S#2, and (c) S#17.

bending procedure can be expressed as [6]

T oc VKR 2 (3.1)
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3.3 Results and discussion

Figure 3.6: Possible hydrophobic mechanisms on hairy leaves: (a) elastic bundling
[6], (b) pyramid bundling [7], and (c) layers of hair grids.

where I is the elastic energy contribution, K represents the elastic modulus and

h is distance between the water-air interface and the cuticle.

In contrast to S#1, species S#2, S#3 and S#4 (Fig. [3.5b) have leaf hairs
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arranged in a tree-like shape. Their relatively large hair diameter and spreading
“twigs” limit flexibility and crossing over at the hair ends. A micro-pyramid
formed after bundling, that is, several hairs move towards a central hair during
the contact with water [7]. The sharpness of the micro-pyramid, described as 3
(the tilt angle of the nearest hair off the vertical direction) in Fig. [3.6b, can be
expressed by the hair pitch value L, the hair diameter d, and the rod height h as
follows [7]

hsinﬂ+%dcosﬁzlj—%d (3.2)

The [ solution of this equation indicates that the sharpness of the micro-
pyramid increases monotonically with L but decreases with increasing values for
d and h. As shown in Fig. [3.5p, the hair pitch value L approximates the leaf
thickness (~ 200um) and is greater than the hair diameter d. Therefore sharp

micro-pyramids with large g values are likely to form at wetting.

The thick hairs on the leaf surface of species S#17, which does not contain
upright hairs, is suspected to repel water with a different method. The hairs
growing parallel to the cuticle surface form many layers of grids, which can be
analogized to that of fabrics. The rough surface asperities, formed among these
grids help prevent water from entering this hair matrix and thus from wetting
the cuticula. The fibre-like morphology of specimen S#17 has a surprisingly high
WCA of 140.9 + 1.9°, probably because of the close packing of both the hairs in

the same layer and the multiple layers above the cuticula.

The apparent contact angle of water on arrays of cylinders, 6p, can be de-
scribed as [§]
coslp = frcosfs — fo (3.3)
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with

fi=[mr/(r+d)](1—60,/180°) (3.4)

and

fo=1—rsinfs/(r+d) (3.5)

where 6,4 is the advancing contact angle, f; and f, are the fractions of solid-liquid
and liquid-air contact area in the plane parallel to the substrate, respectively, r is
the radius of the hair cylinder and d is half of the edge-to-edge distance between
two neighbouring cylinders. The apparent contact angle 6p increases with the

value of (r +d)/r.

3.3.2 Palm-tree-like hairs

Palm-tree-like morphology (Fig. [3.7) was found on the leaves of three species
(Table . Compared to tree-like hairs in the hairy category, the hairs of this
group are smaller, less dense and each has a palm tree shape. The cuticula for
these three species can be seen through the surface hairs.

WCA values greater than 130° were obtained on this type of leaf. Microscopic
images show different densities of the surface micro-structures. Specimen S#6
has the largest density, with overlapping of branches covering above the cuticle,
which leads to the highest WCA among these three leaves (Fig. ) Specimen
S#16 has the lowest density, with each micro-structure being identified easily
(Fig. [3.7b) and S#24 is intermediate (Fig. [3.7k).

SEM images of species S#6 and S#16 are shown in Fig. [3.8] The cross-section
view shows these hairs have a short but thick trunk, the height and diameter of

which are both less than 50 pm. Hairs greater than 300 ym are stretch from the
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Figure 3.7: Water droplets (1) and optical top views (2) of three hairy native
Australian leaves: (a) S#6, (b) S#16, and (c) S#24. Scale bars in droplet images
in series (1) = 1 mm.

trunk to all directions. When water comes into contact with the leaf, it initially
touches the tips of long hairs. Bundling of upper hairs is speculated to occur,
and an elastic repellent layer is formed, similar to that depicted in Fig. [3.6p. If

water does move along the hairs and it is likely to rest on the top of the trunks.
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Table 3.3: WCA values of study species with palm-tree-like surface morphology.

Sample No. Species WCA (°)

S#6 Keraudrenia velutina ssp. velutina 138.6 £+ 4.3
S#16 Thomasta macrocarpa 133.9 £ 2.7
SH#24 Eremophila hillis 1375+ 3.2

Figure 3.8: SEM images from top perspective: (a) S#6 (with cross-section view
in inset) and (b) S#16.

Compared to Salvinia, a floating water fern that has hairs of a special egg-
beater shape with hydrophilic tips [9], water pinning on the palm-tree-like hairs
possibly occurs at the place where upper hairs are joined after bending. The
palm-tree like hairs are likely to be hydrophobic, given the relatively large spac-
ing between the upper hairs. Two potential mechanisms may keep the air-water
interface away from the cuticula: (a) bent upper hairs create elastic forces to act
against further water penetration into the region between the hairs; and (b) wa-
ter penetration results in a further contact area between water and hydrophobic

hairs, in which extra activation energy is required.
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Figure 3.9: Proposed hydrophobic mechanisms on leaves: (a) pinning on hy-
drophilic tips of Salvinia hydrophobic hairs of an eggbeater shape [9] and (b)
palm-tree-like hairs on S#6, S#6 and S#24.

3.3.3 Micro-ridge topography

The hydrophobic properties of the leaves of a native plant, Conostylis robusta
(S#15), were also investigated. This grass-like perennial has a rhizomatous root
system in sandy regions, while its flat leaves grow upright and are mechanically
robust with distinct parallel micro-ridges stretching along the entire narrow leaf
(Fig. B.10).

Water forms a spherical droplet, on this species’ leaf surface, which has a WCA
value greater than 90°. The orientation of the micro-ridges has made wetting

different on directions parallel or perpendicular to the micro-ridges (Fig. [3.11]).
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Figure 3.10: Live form of Conostylis robusta (S#15).

Firstly, different contact angles were obtained for these two directions: 125.7° for
the perpendicular direction and 113.3° for the parallel direction. This distinct
difference in WCA values indicates the leaf surface is more hydrophobic along the
micro-ridges than in the perpendicular direction. Secondly, water droplets rolled
off along the micro-ridges direction when the leaf was tilted to 23.5 + 5°. The
roll-off did not occur along the direction perpendicular to the micro-ridges even
when the leaf was tilted to 90°. In nature, the leaves grow upright with a tilt
angle of nearly 90° from the horizon, so rain or dew droplets of a few microlitres
will immediately roll along the micro-ridges towards the root and in this way

water is collected in sandy area for the root.

The SEM images of this leaf are shown in Fig. [3.12] The strips that clearly
present on the leaf surface have an isosceles trapezoid shape when viewing from

the cross-section perspective, with lengths of approximately 150 ym and 300 pum
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Figure 3.11: A water droplet on a Conostylis robusta leaf: (a) directions parallel
and perpendicular to the micro-ridges, (b) with a contact angle of 125.7° measured
from the direction perpendicular to the micro-ridges, (c) with a contact angle of
113.3° measured from the direction parallel to the micro-ridges.

for the top and bottom sides. The top sides of the strips are smooth with nano-
scale grooves craved along the strips. Connecting the bottom sides of neighbour-
ing bulging strips are the micro-ridges in the macroscopic scale. The topography
of the micro-ridges is made of two components: randomly distributed micro-

bumps and intermittent strips, which are both covered by thick plate wax.

3.3.4 Modelling of diatoms

Marine vessels and underwater structures are constantly subjected to severe at-

tack through a process termed biofouling. When a surface is exposed to the
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5 7 M )

Figure 3.12: SEM images of a Conoatylia robusta leaf at different magnifications.

marine environment, microorganisms, such as bacteria and diatoms, begin to
colonize the surface within hours and generate a complex biofilm incorporat-
ing an extracellular polymeric substance (EPS) matrix [10]. The formation of
microfouling slimes, specifically on the ship hulls, can significantly increase the
hydrodynamic drag and energy consumption, as well as reducing vessel’s maneu-
verability [I1]. Understanding the different stages of biofouling, including the
initial adhesion and attachment, becomes critical in minimising its impact.

As dominating constituents in the biofouling slimes, diatoms are a diverse
and abundant group of brown pigmented unicellular algae enclosed in a silica
wall [12, 13]. They range in size from a few to several hundred microns. The

highly complex SiO, structure of diatoms exhibits high porosity and a relatively
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large surface area [14]. Diatoms can attach to a substratum (benthic diatoms)
through adhesives or float freely in the water. The mucilaginous diatom EPS,
which is predominantly composed of polysaccharides, mediates both attachment
and motility, and enables diatoms to glide across surfaces. In some cases, the

EPS can be transformed into attachment pads, tubes or even stalks [15].

Unlike many microorganisms that actively search for a suitable fouling surface,
diatoms contact a surface passively through currents and gravity before selecting
an attachment position [I6]. Diatom slimes are reported to have higher attach-
ment strength on hydrophobic surfaces and can stick to fouling release coatings on
boats operating in excess of 30 knots [I7]. The adhesion strength of diatoms is re-
lated to the surface wettability. Generally, diatoms adhere strongly to hydropho-
bic coatings, including silicone elastomers and fluorinated block copolymers and,
conversely, adhere weakly to hydrophilic surfaces [18].

Diatom biofilms are of great interest, because they are highly resistant to
antifouling coatings and are especially difficult to remove from non-toxic foul-
release coatings [15]. The geometry of diatoms is modelled here in terms of its
wettability underwater. Even though water tends to enter pores in a surface made
of silica, the morphology of the external pores of diatom creates the possibility of
geometrical air trapping [19], which prevents water from entering the pores and
thus maintains surface hydrophobicity.

The external pores are simplified in the model as a spherical cavity (Fig. |3.14)).
The angle between the tangent of the highest point of the pore and the horizontal
plane is ¢y. The angle between the vertical plane and the liquid level in the pore,
1, is also the current contact angle. When water enters the pore under external

pressure, both ¢ and the liquid-vapour interfacial area will increase. The free
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Figure 3.13: SEM and AFM micrographes of the diatom Thalassiosira eccentrica
(Courtesy of Dr Dusan Losic, University of South Australia).

energy decrease due to wetting of the hydrophilic pore wall is counteracted by
the liquid-vapour interfacial energy increase. The maximum energy is obtained
when 1 reaches fy, the Young’s contact angle. Further water penetration will

lead to a Wenzel state (¢=m).

Figure 3.14: A spherical cavity model of an external pore on diatoms.

In the cavity, the surface free energy can be described as the sum of surface
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energies at three interfaces [20]

Egury = yov Sy + vsvSsv + vLsSLs
= oy (rsine)® + ygy2mr?(cos vy — cos ) + yrs[dnr? — 2mr?(1 — cos )]

= yyr? sin® ¢ + vy 212 (cos Yy — cos ) + vrs2mr? (1 4 cos 1))

Young’s equation gives [21]

Ysv = YLs + Yrv cos by (3.7)

In the above equations,
7;; = interfacial tension between interface 4j (solid, liquid and vapour),
Si; = interfacial area of interface ij (solid, liquid and vapour),

0y = water contact angle on a flat surface (Young’s contact angle).

The energy barrier for a single cavity, denoted as the free energy difference

between the Cassie st