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Abstract

Abstract
Biomimetic structures with hydrophobic properties have enormous potential
for applications on artificial self-cleaning surfaces, such as the next generation of
vehicle windshields, exterior paint for buildings, and solar panels, due to their
excellent water repellence properties. Although most of the recent studies focus on
the fabrication methods of hydrophobic surfaces for self-cleaning, and the wetting
behavior on self-cleaning surfaces, there are still great challenges in applying onestep manufacturing methods to fabricate bare hydrophobic micro-patterned
surfaces with good sliding and optical performance for mass production. This
involves fabricating, analyzing, and characterizing micro-patterned surfaces
taking into account the wetting characteristics, droplet wetting states, and optical
performance for advanced self-cleaning surfaces.
This thesis is divided into four parts. In the first part, optimization modeling
of the surface geometries of biomimetic structures for self-cleaning has been
developed based on an optical function and a wetting model of micro-patterned
surfaces, considering hydrophobicity and optical performance.
The second part of the thesis describes investigations on the wetting
characteristics of bare hydrophobic micro-patterned cyclic olefin copolymer
surfaces machined by a one-step fabrication method, ultra-precision raster milling
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(UPRM), which is potentially applicable for the mass production of plastic
injection moldings. Water droplets are governed by the Cassie and Baxter regime,
and are stabilized by the sharp edges induced by the numerical-controlled tool path
in the material removal process in the mechanical machining of the top asperities
of the micro-patterns after deposition on the surfaces. This results in a good sliding
performance on the micro-grooved surfaces.
In the third part, a characterization method for the droplet wetting states,
significantly affecting its sliding performance on hydrophobic surfaces, is
proposed, based on observations of the droplet contact lines on the micro-grooved
surfaces. This characterization method is capable of identifying intermediate
wetting states but it is difficult to use traditional verification methods for such
identification. The partial wetting state is found to be the sliding boundary of the
micro-grooved surfaces, whereas droplets contacting the side walls of the grooves
still form a favorable wetting state for the anisotropic sliding on the micro-grooved
surfaces.
In the fourth part, the anisotropic wetting of micro-micro hierarchical
structured surfaces fabricated by ultra-precision machining, including regular,
irregular, and multi-level hierarchical structures, have been investigated. It is
found that applying irregular hierarchical structures and multi-level design can
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Abstract

further enhance the water static contact angle to over 150° and 161° respectively.
This is achieved by inducing more energy barriers, reducing the contact area of the
solid-liquid interface, and reserving more buffers to air pocket formation.
The originality and significance of this research include: (i) an optimization
modeling for the surface geometries of biomimetic structures for advanced selfcleaning surfaces has been established; (ii) highly controllable one-step fabrication
methods, potentially applicable for mass production in the plastic injection
molding of bare micro-patterned surfaces with good sliding and optical
performance, are proposed through study of the wetting characteristics; (iii) a
characterization method for the droplet wetting states, that significantly affect the
sliding performance on hydrophobic surfaces, is firstly proposed from
observations of the droplet contact lines on micro-patterned surfaces; (iv) this
characterization method is capable of identifying intermediate wetting states
which show the sliding boundary and the favorable wetting state for anisotropic
sliding on the micro-grooved surfaces. This provides more flexibility for the
design of advanced self-cleaning surfaces.
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Chapter 1

1.1

Introduction

Background of Research
Over the last few years, biomimetic structures, such as lotus leaf and butterfly

wing-like structures with self-cleaning properties, have been widely investigated
due to their extensive potential applications (Nishimoto et al., 2013; Bixler et al.,
2012). In nature, leaf surfaces of many different plants are superhydrophobic and
exhibit extreme water-repellence. Such repellence can be applied to provide an
artificial surface with certain self-cleaning properties (Nishimoto et al., 2013; Xia
et al., 2012; Bhushan et al., 2011). Self-cleaning implies that dirty water droplets
due to the characteristics of superhydrophocity can easily roll off the surface and
thus effectively prevent dirt from being suspended from it. These surfaces can be
used in many fields such as the next generation of vehicle windshields, exterior
paint for buildings, and solar panels.
Most of the research has focused on developing various material substrates
with low surface energy, such as fluorocarbons and silicones, establishing different
production methods to achieve surfaces with self-cleaning properties, and
investigating major factors affecting the self-cleaning properties. Referring to the
basis of the lotus effect, the superhydrophobicity of a surface can be enhanced
1
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through designing and machining micro-patterns onto it. Numerous fabrication
methods for self-cleaning surfaces, such as lithography (Murakami et al., 2014;
Zhao et al., 2011), laser etching (Chen et al., 2013; Li et al., 2012), chemical
reaction (Tanaka et al., 2013; Levkin et al., 2009), electrospinning (Ahmed et al.,
2013; Han et al., 2009), and self-assembly (Li et al., 2011) have been proposed by
various researchers in the last few years. However, most of the manufacturing
processes involve complicated chemical treatment, are time-consuming, are not
suitable for fabricating large surfaces, do not consider optical performance, or are
only applicable to certain engineering materials such as metals, semiconductors,
and alloys but are limited in regard to plastics. Sliding performance of hydrophobic
micro-patterned surfaces is one of the major factors determining wettability (Lv et
al., 2010; Miwa et al., 2000). However, there are very few one-step manufacturing
methods capable of fabricating bare hydrophobic micro-patterned surfaces with
good sliding performance and optical properties for mass production.
The existence of air under a droplet on hydrophobic micro-patterned surfaces
is governed by the Cassie and Baxter state and is an essential element to achieve
self-cleaning properties (Bhushan et al., 2011; Jung et al., 2009). Traditionally, the
verification of a droplet wetting state is only capable of identifying complete
wetting, and composite wetting states on isotopic micro-patterned surfaces. These
2

Chapter 1 Introduction

mainly rely on several approaches such as the observation of droplet from the front
view (Yong et al., 2014; Li et al., 2010; Jung et al., 2007; Chen et al., 2005) or
bottom view (Murakami et al., 2014; Park et al., 2009) captured by optical
microscopy, or a comparison between the static contact angle measured by
experiment and the calculation value from the Wenzel equation as well as the
Cassie and Baxter equation (Zhao et al., 2012). The most commonly used method
is to observe the existence of air under the droplet on the sample surface from the
front view image. However, both the Cassie and Baxter state and partial wetting
consist of solid-liquid-air interfaces which are under composite states. In order
words, the existence of air under the droplet shown in the front view image can
only prove that the droplet consists of solid-liquid-air interfaces but cannot verify
that the droplet is governed by the Cassie and Baxter state or partial wetting during
the wetting transition. This shows that traditional verification methods of a droplet
wetting state is only capable of identifying complete wetting, and composite
wetting states on isotopic micro-patterned surfaces but cannot verify intermediate
wetting states. The limitation further leads to an incomplete understanding of the
influence of intermediate wetting states on the sliding performance of the water
droplet.
From the foregoing discussion, it can be concluded that better recognition of
3
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wetting characteristic of bare hydrophobic micro-patterned surfaces with good
sliding performance and optical properties fabricated from a one-step
manufacturing method of advanced self-cleaning surfaces for mass production is
needed. In addition, a characterization method of droplet wetting states on micropatterned surfaces which facilities to illustrate the influence of intermediate
wetting states on the sliding performance of the water droplet is lacking.

1.2

Research Objectives and Significance
This research explores the wetting characteristics and optical performance of

bare surface geometries fabricated by ultra-precision machining. It also develops
a characterization method of intermediate wetting states on micro-patterned
surfaces based on the contact line of the droplet contour. The specific objectives
of this research work are:
(i)

To develop an optimization model of surface geometries for self-cleaning
surfaces, with consideration of the wetting performance and optical function;

(ii)

To investigate the wetting characteristics of bare micro-patterned surfaces
with good sliding performance, using ultra-precision machining, for mass
production;

(iii) To propose a characterization method to identify various droplet wetting
states, especially the intermediate wetting states, on micro-patterned
4
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surfaces; and
(iv) To study the anisotropic wetting behavior of micro-micro hierarchical
structures fabricated by ultra-precision machining.
This research is meaningful since the optimization model of surface
geometries strikes a balance between the wetting performance and optical function.
This will allow the optimal set of parameters of bare biomimetic structures for
advanced self-cleaning surfaces to be determined prior to the actual production by
the one-step ultra-precision machining methods needed for mass production. In
addition, the new characterization method of the droplet wetting states by the
droplet contact line can identify the sliding conditions of the immediate wetting
states on the micro-patterned surfaces. This provides more flexibility for the design
of advanced self-cleaning surfaces which have great potential in applications for
microfluidic devices.

1.3

Organization of the Thesis
This thesis consists of seven chapters. The first chapter gives a brief

description of the research background, objectives and significance. Chapter 2
gives a systematic review on the related topics of this research study including an
overview of the biomimetic self-cleaning industry, categories of superhydrophobic
surfaces in nature, fabrication technologies of superhydrophobic surfaces,
5
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development of ultra-precision machining technologies using single-point
diamond turning assisted by fast-tool-servo, ultra-precision raster milling, and
ultra-precision grinding, major factors affecting self-cleaning performance,
characterization of droplet wetting states, and modeling and optimization
approaches of wetting performance. Chapter 3 introduces a methodology for the
optimization model of biomimetic structures for self-cleaning with consideration
of the optical function in detail. Chapter 4 studies the wetting characteristics of
bare hydrophobic micro-patterned surfaces machined by a highly controllable onestep mechanical machining method, UPRM, which is potentially capable of
manufacturing bare hydrophobic micro-patterned surfaces with good sliding
performance for mass production in plastic injection molding. Chapter 5 proposes
a characterization method which can identify various wetting states including
partial wetting, droplet contact with the side walls of the grooves, complete wetting,
and the Cassie and Baxter state from observation of the droplet contact line. After
the verification of various wetting states, the influences of the intermediate wetting
states including partial wetting and droplet contact with the side walls of the
grooves on anisotropic sliding performance of water droplet are investigated.
Chapter 6 investigates the anisotropic wetting behavior of micro-micro
hierarchical structures fabricated by ultra-precision machining. Finally, Chapter 7
6
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draws overall conclusions of the whole study,
recommendations for future work.
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2.1 Overview of Biomimetic Self-cleaning Industry
Over the past few decades, scientists have expressed growing interest in the
investigation of self-cleaning surfaces inspired by biological aspects. Biomimetic
structures such as lotus leaves, rice leaves, cicada wings, and butterfly wing-like
structures with self-cleaning properties have been investigated widely due to their
extensive potential applications. In nature, leaf surfaces of many different plants
and insect wing surfaces are superhydrophobic, anisotropic wetting, anti-reflection,
low adhesion, low drag, and directional adhesion surfaces (Nishimoto and
Bhushan, 2013). Such functions, structures, and principles can be applied to
manufacture artificial surfaces with certain self-cleaning properties with extreme
water-repellence (Celia et al., 2013; Nishimoto and Bhushan, 2013; Bixler and
Bhushan, 2012; Bhushan and Jung, 2011). The potential applications of these
surfaces cover extensive fields such as the next generation of car rear mirrors,
vehicle windshields, exterior paint for buildings, and solar panels, as shown in
Figure 2.1.
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Figure 2.1 Potential applications of self-cleaning surfaces.

Self-cleaning implies that water droplets can easily roll off from a surface and
thus effectively prevents dirt from being suspended from it by the action of water.
The possible elements challenging the self-cleaning surfaces include water (i.e.
deionized water, salt water and ice), moisture, oil, and dust (i.e. water-soluble nonmetal, oil-soluble non-metal, water-insoluble non-metal, and metal) as shown in
Figure 2.2.

Figure 2.2 Possible elements challenging self-cleaning surfaces.
9
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From recent research progress, bioinspired self-cleaning surfaces are mainly
divided into three categories: superhydrophobicity, superhydrophilicity, and
superoleophobicity as shown in Figure 2.3 (Nishimoto and Bhushan, 2013). Each
category is inspired by different self-cleaning surfaces with various properties
found in nature. Superhydrophobic surfaces refer to those surfaces which achieve
a high static contact angle (CA) above 150o. When a water droplet starts to move
downwards on a surface tilted at a specific angle, the angle is defined as the tilting
angle (TA). The tilting angle is roughly equal to the contact angle hysteresis (CAH)
given by the difference of the CA at the front of the moving droplet (advancing
CA) and the CA at the back of the moving droplet (receding CA). The CAH relates
to the energy required to move a droplet on a surface. A low CAH normally below
10o is desirable for a self-cleaning surface (Marmur, 2004). Most of the research
has mainly focused on developing various material substrates with low surface
energy, such as fluorocarbons and silicones, or establishing different production
methods to achieve surfaces with self-cleaning properties. Referring to the basis
of the lotus effect, the superhydrophobicity of a surface can be enhanced through
designing and machining micro-patterns or hierarchical structures onto it, besides
modifying the materials by chemistry.
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Superhydrophobic surface

Lotus leaf

Superhydrophobicity
Low adhesion
Low drag

Rice leaf

Superhydrophobicity
Anisotropic wetting
Low drag

Cicada wing

Superhydrophobicity
Anti-reflection

Butterfly wing

Superhydrophobicity
Directional adhesion
Low drag

Hydrophilic and oleophobic

Snail shell

Superoleophobicity

Fish scale

Superoleophobicity

Shark skin

oleophobicity

(in water) surface

Low drag
Anti-fouling
Superhydrophilic surface

Pitcher plant

Low drag (slippery)

Photosynthesis

Photocatalysis
Photo-induced
Self-sterilizing
Anti-fogging

Figure 2.3 Categories of self-cleaning surfaces (Nishimoto and Bhushan, 2013).
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2.2 Categories of Superhydrophobic Surfaces in Nature
2.2.1 Lotus Leaf
In nature, the leaf surface of a lotus plant (Nelumbo nucifera) possesses
superhydrophobicity, low adhesion, and low drag properties. Figure 2.4 shows that
front surface of a lotus leaf possesses random hierarchical micro-nanostructures
and a layer of nano-hair in wax which can achieve a very high static contact angle
of over 160° and a very low tilting angle of less than 5° with a water droplet. Wang
et al. (2009) found that the average height, width and distance between micropillars on the front surface of a fresh lotus leaf are 15µm, 7µm and 20µm
respectively. Cheng et al. (2006) found that if the nano-scale, hair-like structures
are melted by heating at 150°C, while keeping the chemical composition of the
surface approximately the same, the contact angle of the water droplet is
dramatically reduced by altering the roughness only. It can therefore be proven
that the superhydrophobic state of a lotus leaf is a result of the combined effect of
the hierarchical surface structure with entrapped air under a water droplet and the
hydrophobicity of the surface wax. This shows that both the multi-leveled
roughness and the hydrophobic nature of a low surface energy material are
important in achieving surfaces with a high static contact angle, a low sliding angle
and a self-cleaning effect.
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(a)

(b)

(c)

(d)

Figure 2.4 (a) SEM images of the front surface of the lotus leaf with hierarchical
micro-nanostructures

(Bhushan

et

al.,

2009),

(b)

hierarchical

micro-

nanostructures shown in surface height map (Cheng et al., 2006), (c) an enlarged
SEM image of a micro-pillar with nano-hair in wax (Cheng et al., 2006), and (d) a
water droplet on the front surface of the lotus leaf (Bhushan et al., 2009).

2.2.2 Rice Leaf
The rice leaf is a natural surface which possesses superhydrophobic,
anisotropic wetting and low drag properties. Figure 2.5(a) shows an image of a
water droplet rolling in a direction parallel to the edge of the rice leaf. According
to the SEM images shown in Figure 2.5(b) and (c), the rice leaf surface consists of
directional micro- and nanostructures, and papillae, with average diameter of
approximately 5-8µm, arranged in order (Gao and Liu, 2007). Wu et al. (2010)
reported that the water static contact angle measured along and perpendicular to
the direction of the rice leading edge were 153° ± 3° and 146° ± 2° respectively.
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Due to the anisotropic arrangement of the papillae on the rice leaf surface, water
droplets can easily roll off along the direction of the rice leaf edge. Gao and Liu
(2007) reported that the tilting angle of the parallel and perpendicular directions to
the rice leaf edge were 4° and 12° respectively. It is believed that the anisotropic
wettability of the rice leaf surface enhances the self-cleaning efficiency when the
water droplets pick up contamination during the sliding process on the surface.
The reason is that a water droplet can roll off to the edge of the leaf without
dropping off of the leaf. All of these effects have attracted researchers to
investigate anisotropic wettability using different fabrication methods (Yong et al.,
2014; Liu et al., 2013; Wu et al., 2011; Zhang et al., 2010; Yang et al., 2010).
Furthermore, Bixler and Bhushan (2012) suggested that a superhydrophobic
surface with anisotropic grooves should give low fluid drag.

(a)

(b)

Figure 2.5 (a) A water droplet on the front surface of the rice leaf, and (b) the
hierarchical micro-nanostructures on the rice leaf shown in SEM image (Bixler
and Bhushan, 2012).
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2.2.3 Cicada Wing
The wing surface of a cicada is an external insect surface which is
superhydrophobic, and anti-reflective in nature. Figure 2.6 shows a SEM image
and the surface height maps of the cicada wing surface, which consists of closely
packed nano-pillars with pitch values ranging from 110nm to 140nm (Lee et al.,
2004; Watson et al., 2008), and heights of the pillars ranged from 225nm to 250nm.
Due to the waxy coating of the pillars and the nano-scale array, cicada wing
surfaces show superhydrophobicity with a static contact angle of 160° (Malm et
al., 2010). According to the AFM analysis reported by Watson et al. (2008), it was
revealed that particle adhesion on the cicada wing surface is extremely small when
compared to that on a flat hydrophilic silica surface. Similar to the lotus effect,
contaminants on the surface can be easily removed by moving water, or even wind
blasts. Besides the superhydrophobic, low adhesion, and self-cleaning properties,
the nano-array structures on the cicada wing give an antireflection property which
may protect cicadas from predators (Watson et al., 2008). The combination of the
antireflection and self-cleaning properties could be suitable for solar cell
applications in which the surfaces are required to be transparent and clean for the
utilization of solar light.
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(b)

(a)

Figure 2.6 (a) SEM image of cicada wing (Lee et al., 2004), and (b) AFM image
and the cross section profile of the nanostructures on cicada wing (Watson et al.,
2008).

2.2.4 Butterfly Wing
A butterfly wing surface is a multifunctional insect wing which includes
structure coloring (Gu et al., 2003), fluorescence emission functions, (Vukusic and
Hooper, 2005) and chemical sensing capability (Vukusic and Sambles, 2003), as
shown in Figure 2.7(a). With respect to self-cleaning properties, it has been
reported that the water static contact angle was 152° ± 2° on the butterfly wing
surface which shows directional adhesion properties due to the periodic
arrangement of the overlapping micro-scales on the wings, and the fine lamellastacking nano-stripes on the scales along the RO direction, as shown in Figure
2.7(b) and (c) (Bixler and Bhashan, 2012; Wanger, T.; Zheng et al., 2007; Neinhuis
et al., 1996). Droplets start to roll off from the surface in the RO direction at a
tilting angle of approximately 9° but are pinned on the tilted upright wing surface
when the tilting direction is against the RO direction, as shown in Figure 2.7(d).
This shows that the difference between the anisotropic wettability of the butterfly
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wing and the rice leaf, where one-dimensional anisotropic wetting occurs on the
butterfly wing, while two-dimensional anisotropic wetting occurs on the rice leaf
due to their unique arrangements of the micro- and nano-structures.

(a)

(b)

(d)

(c)

Figure 2.7 (a) Water droplets on a blue butterfly wing (Bixler and Bhushan, 2013),
(b) SEM images of the hierarchical micro- and nano-structures on the surface of
the butterfly wings (Zheng et al., 2007), (c) AFM images of the overlapping microscales and nano-stripe structures (Zheng et al., 2007), and (d) Water droplets are
tilted along and against the RO direction (Zheng et al., 2007).

2.3 Fabrication Technologies of Superhydrophobic Surfaces
Microstructures in nature, such as the surfaces of leaves and insect wings,
have micro-patterned surfaces that have hydrophobic properties (Bixler and
17
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Bhushan, 2012; Byun et al., 2009; Zheng et al., 2007). These hydrophobic surfaces
have great potential in applications for biomimetic self-cleaning surfaces, such as
the next generation of vehicle windshields, exterior paint for buildings, and solar
panels, due to their extreme water repellence (Nishimoto and Bhushan, 2013; Xia
et al., 2012; Bhushan and Jung, 2011). Recent studies have focused on the
fabrication of hydrophobic surfaces using various methods such as lithography
(Murakami et al., 2014; Zhao et al., 2012; Oner and McCarthy, 2000; Ma and Hill,
2006;), plasma treatment after lithography (Park et al., 2012), electrochemical
anodization (Xiao et al., 2015), laser processing (Yong et al., 2014; Rukosuyev et
al., 2014; Chen et al., 2013; Li et al., 2012), sol-gel coating (Liu et al., 2015; Rao
et al., 2009), chemical reaction (Tanaka et al., 2013; Levkin et al., 2009; Pozzato
et al., 2006; Zhang et al., 2008), electrospinning (Ahmed et al., 2013; Huang et al.,
2010; Han and Steckl et al., 2009; Ma et al., 2005), self-assembly (Yang et al.,
2013; Li et al., 2011), and molding using templates (Greiner et al., 2009; Jeong et
al., 2009), as shown in Figure 2.8.
Most of the manufacturing processes are complicated in chemical treatment,
time-consuming, unsuitable for fabricating large surfaces, or only applicable to
certain engineering materials such as metals, semiconductors, and alloys but
limited with plastics. Most researchers reported the manufacturing methods and
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ended up merely with detailed results of their contact angle measurement on the
sample surfaces. This shows that extensive research on superhydrophobicity has
been collecting data for the sake of manufacturing rather than to grasp a thorough
understanding of the mechanism of self-cleaning taking place behind the scenes.

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

Figure 2.8 Superhydrophobic surfaces fabricated by (a) Lithography (Zhao et al.,
2012), (b) Plasma treatment after lithography (Park et al., 2012), (c)
Electrochemical anodization (Xiao et al., 2015), (d) Laser processing (Yong et al.,
2014), (e) Sol-gel coating (Rao et al., 2009), (f) Chemical reaction (Levkin et al.,
2009), (g) Electrospinning (Ma et al., 2005), (h) Self-assembly (Yang et al., 2013),
and (i) Molding using template (Greiner et al., 2009).
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Cheng et al. (2006) argue that few experimental investigations have focused
on the chemical composition and surface structure of superhydrophobic surfaces.
Guo et al. (2011) revealed that creating superhydrophobic surfaces is not just
simply about copying or duplicating biological structures. To this end, recent
studies have begun investigating what critical factors influence the self-cleaning
properties (Marmur, 2004; Martines et al., 2005; Cheng et al., 2006; Wang et al.,
2009). All of these qualitative studies advocate that entrapped air formed in
asperities, the shape and curvature of the edges of the asperities, and the surface
energy of materials are the critical factors influencing the contact angle. Sliding
performance of hydrophobic micro-patterned surfaces is one of the major issues
determining wettability (Lv et al., 2010; Miwa et al., 2000). However, there are
very little one-step manufacturing methods capable of fabricating bare
hydrophobic micro-patterned surfaces with good sliding performance suitable for
mass production.
Mechanical machining would be one of the best solutions to fabricate bare
hydrophobic micro-patterned surfaces with good sliding performance for mass
production due to the numerical control of the machine tool path during the
material removal process. Ultra-precision machining such as single-point diamond
turning (SPDT), assisted by a fast-tool-servo, ultra-precision grinding (UPG), and
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ultra-precision raster milling (UPRM), are capable of manufacturing micropatterned surfaces with sub-micrometer form accuracy and nanometer surface
roughness, without subsequent processes. Although fast-tool-servo diamond
turning is capable of generating different micro-patterned arrays, the aspect ratio
of the generated micro-patterned arrays is relatively low (Yu et al., 2011). It is
difficult for droplets on these micro-patterned arrays to form a composite solidliquid-air interface which is essential for hydrophobic surfaces to achieve selfcleaning properties (Bhushan and Jung, 2011). Li et al. (2014) recently reported a
mechanical micro-grinding method to fabricate hydrophobic micro-V-grooved Si
surfaces. However, the geometrical dimensions of the micro-V-grooves are not
very controllable and this method can only be applied to the machining of certain
engineering materials such as metals, alloys, or ceramics, but not plastics. UPRM
has been conventionally applied to machine mold inserts for F-theta lenses, Vgroove structures for fiber array connectors, and other optical freeform surfaces.
It takes advantage of manufacturing both the bare hydrophobic micro-patterned
surface and its mold insert for mass production in plastic injection molding. This
greatly reduces the cost and time for manufacturing hydrophobic micro-patterned
surfaces. It is known that a sample surface with a high static contact angle with a
water droplet does not mean that it has good droplet mobility (Gao and McCarthy,
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2009). Although Kong et al. (2012 and 2013) proposed a framework for the design,
fabrication, and characterization of three dimensional patterned micro-structured
surfaces with a high static contact angle of water on hydrophilic materials, both
the fabrication details and the wettability of the machined micro-patterned surfaces
are still incomplete. Thus, there is still a lack of a highly controllable fabrication
method for bare micro-patterned surfaces with good sliding performance for mass
production.

2.4 Development of Ultra-precision Machining Technologies
2.4.1 Single-point Diamond Turning (SPDT)
Single-point diamond turning (SPDT), assisted by fast-tool-servo as shown
in Figure 2.9(a), is an ultra-precision process employing a single crystal diamond
cutting tool which possesses a nanometric edge radius, form reproducibility and
wear resistance (Ikawa et al., 1991). The diamond tool shown in Figure 2.9(b) is
used to machine non-ferrous materials like aluminum, copper alloy and plastic.
This technology is able to manufacture components with sub-micrometer form
accuracy and surface roughness in the nanometer range (Cheung et al., 2001). The
current applications include the manufacture of mould inserts for injection
moulding used in plastic camera lenses, F-theta lenses in scanners, and back-light
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lenses for LED arrays, etc. Different kinds of spherical, aspheric, and freeform
surfaces can be generated by using different values of spindle speed, feed rate,
depth of cut, and tool nose radius. Although fast-tool-servo diamond turning is
capable of generating different micro-patterned arrays, the aspect ratio of the
generated micro-patterned arrays is relatively low (Yu et al., 2011). It is difficult
for droplets on these micro-patterned arrays to form a composite solid-liquid-air
interface which is essential for hydrophobic surfaces to achieve self-cleaning
properties (Bhushan and Jung, 2011).

(a)

(b)

Figure 2.9 (a) Single-point diamond turning, and (b) Single crystal diamond tool.

2.4.2 Ultra-precision Grinding (UPG)
Ultra-precision grinding (UPG) is a mechanical machining process using
different types of grinding wheels with dressing which can generate components
made in difficult-to-machine materials such as silicon, silicon carbide, tungsten
carbide, ceramics, and stainless steels with high form accuracy, low surface
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roughness, and good surface integrity (Zhang wt al., 2015; Bletek et al., 2013;
Suzuki et al., 2012; Agarwal and Rao, 2008). The components are generally
applied in the electronics, aeronautics and optical industries. Li et al. (2014)
recently reported a mechanical micro-grinding method to fabricate hydrophobic
micro-V-grooved Si surfaces. However, the geometrical dimensions of the microV-grooves are not very controllable and this method can only be applied to the
machining of particular engineering materials such as metals, alloys, or ceramics,
but not plastics. An ultra-precision grinding machine is as shown in Figure 2.10.

Figure 2.10 Ultra-precision grinding (Zhang et al., 2015).

2.4.3 Ultra-precision Raster Milling (UPRM)
Ultra-precision raster milling (UPRM) can be used to replicate biomimetic
structures at various micro scales. This technology is used to generate nonrotational symmetrical freeform optical surfaces with form accuracy in the
submicrometre range and surface finish in the nanometer range, without the need
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for subsequent polishing. The machine tool has a mono-crystal diamond which is
usually employed for machining non-ferrous materials such as aluminium and
copper. There are various shapes of diamond tools, such as round shape with a tool
nose radius, acute shape with a rake angle, or faceted shape with a tool width
controlled by a five axis CNC machine, as shown in Figure 2.11.

Figure 2.11 Ultra-precision raster milling.
Due to the geometrical complexity, the surface generation mechanism of
raster milling is different from that of single-point diamond turning. A machined
surface manufactured from raster milling is able to create different freeform
optical components as well as different shapes of groove with various dimensions.
Conventionally, UPRM has been applied to machine mold inserts for F-theta
lenses, V-groove structures for fiber array connector, and other optical freeform
surfaces. It takes advantage of manufacturing both the bare hydrophobic micropatterned surface and its mold insert for mass production in plastic injection
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molding. This greatly reduces the cost and time for manufacturing hydrophobic
micro-patterned surfaces. In addition, this also fosters ease of control in the
dimensions of the micro-patterns in investigating the influence of ultra-precision
machined patterns on wetting transition. Three different ultra-precision methods
including SPDT, UPG and UPRM have been compared as shown in Table 2.1. It
is shown that UPRM is better to fabricate micro-patterns in plastics with high
precision in geometrical dimensions and relatively high aspect ratio.

Table 2.1 Comparison between different ultra-precision machining methods.
Method
Single-point

Advantages
•

diamond turning
(SPDT), assisted

•

by fast-tool-servo

Capable of machining non-ferrous

Limitations
•

materials

micro-patterned arrays

Capable of generating different

with relatively high aspect

micro-patterned arrays

ratio
•

•
Ultra-precision

Capable of machining metals,
alloys, or ceramics

•

grinding (UPG)

Not capable of machining
plastics

•

Capable of generating micro-

Not capable of generating
micro-patterns with very

patterned arrays with relatively

controllable geometrical

high aspect ratio

•

Not capable of generating

dimensions

Capable of machining non-ferrous
materials and plastics

•
Ultra-precision

patterns with high precision in

raster milling
(UPRM)

Capable of generating micro-

geometrical dimensions
•

Capable of generating micropatterned arrays with relatively
high aspect ratio
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2.5 Major Factors Affecting Self-cleaning Performance
2.5.1 Surface Geometry
Surface geometry is one of the major factors directly affecting the wetting
behavior of a droplet on a rough surface. This relates to the formation of the solidliquid or solid-liquid-air interfaces on a superhydrophobic surface for self-cleaning
during wetting transition. Various wetting states, including complete wetting,
partial wetting, and composite wetting, can be formed by the surface geometry
during wetting transition of the rough surface.A multi-roughness surface formed
by the hierarchical micro-nano structures on lotus leaves is one of the key factors
to achieve self-cleaning properties by superhydrophicity. The front leaf surface of
a lotus plant (Nelumbo nucifera) is a natural hydrophobic surface which is a
combination of micrometre-scale and nanometre-scale patterns, as shown in
Figures 2.12 and 2.13.
(a)

(b)

Figure 2.12 The front surface of the lotus leaf with nanometer structure shown in
(a) SEM image and (b) surface height maps (Cheng et al., 2006).
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(a)

(b)

Figure 2.13 The back surface of the lotus leaf with nanometer structure shown by
(a) SEM image and (b) surface height maps (Cheng et al., 2006).

Lotus leaves possess self-cleaning properties due to the superhydrophobicity
of their front surfaces and the metastable position of the contact line (MPCL) of
their back surfaces. Wang et al. (2009) found that the average height, width and
distance between the micro-pillars on the front surface of a fresh lotus leaf are
15µm, 7µm and 20µm respectively. Cheng et al. (2006) proved that intricate
surface structures with a low surface energy material leads to a high static contact
angle, a low sliding angle and a self-cleaning effect. Jung and Bhushan (2006)
found that without hydrophobic coatings such as perfluorodecyltriethoxysilane
(PFDTES), single-layer nanopatterned PMMA surfaces manufactured by soft
lithography achieved a static contact angle of less than 90o due to its intrinsic
hydrophilic surface. Bhushan et al. (2008) investigated the effect of the surface
geometry of superhydrophobic patterned surfaces on the contact angle of a water
droplet. It was found that increasing the roughness of the hydrophobic surface
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increases its contact angle with water. Although micro-patterned surfaces have a
higher roughness factor than nano-patterned surfaces, both single-layer structures
have a similar contact angle due to the benefit gained from the air pocket formation
under the droplet. Besides, multi-layer structures such as micro-nano and micromicro hierarchical structures can further increase the static contact angle of water
droplets and induce more energy barriers for wetting transition when compared
with that on the single-layer structure, such as a micro- or nano-patterned surface.

2.5.2 Materials
Surface energy is regarded as the interaction between the cohesion force of
the liquid molecules and the adhesion force of the liquid on the material surface.
In other words, the surface energy determines whether spreading of a liquid over
a surface will occur. Different liquids have various cohesion forces due to
molecular bonding. The adhesion force of a liquid on a material surface will also
be affected by the surface chemistry (i.e. molecular bonding among surface
material). As a result, low surface energy materials such as fluorocarbons or
silicones are widely employed in different manufacturing methods for the
fabrication of self-cleaning surfaces (Yabu et al., 2005; Xu et al., 2005; Khorasani
et al., 2005; Sun et al., 2005; Ma et al., 2005). Without any structures on a flat
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material surface, the highest static contact angle of a water droplet reported is
around 120° on a fluorinated material. Chemical vapor deposition, sol-gel coating,
and spray-coating are some commonly used fabrication methods to manufacture
hydrophobic surfaces for self-cleaning applications. However, most of these
manufacturing processes are complicated in the chemical treatment, timeconsuming, or not suitable for fabricating large surfaces. Limited research has been
undertaken on investigating the influence of micro-patterned surfaces on the static
contact angle measured on mediate hydrophobic materials which can also achieve
self-cleaning properties.

2.5.3 Contact Area with Liquid
Surface geometry is one of the major factors determining the liquid contact
area on a rough surface. Besides adding multi-roughness and changing the surface
chemistry, minimizing the contact area between the solid and liquid interface is
one of the methods to increase the static contact angle of the liquid on the solid
surface, according to the Cassie-Baxter regimen. The prediction of the static
contact angle using the contact area in the Wenzel, and the Cassie-Baxter models,
is only valid to the extent that the structures in the contact area reflect the groundstate energies of the contact lines and the transition states between them (Gao and
McCarthy, 2007). Bhushan et al. (2008) claims that on increasing the tip radius of
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hydrophilic materials, the adhesion force increases due to the increased contact
area between the tip and liquid surface. Meniscus force has a contribution in this
situation. On the other hand, the adhesive force of a water droplet on a hydrophobic
materials increases due to the increased contact area, but not meniscus force.
Cheng et al. (2006) proved that without the nano-scale hair like structures, the
surface of a lotus leaf is changed into a different roughness. Its contact angle with
water decreases and water droplets do not roll off from the surface. However,
researchers have not identified the wetting state conditions which contribute to the
sliding performance on a hydrophobic surface. In addition, other factors such as
the unbalanced contact area between the liquid and surface geometries have not
been considered.

2.5.4 Droplet Contact Line
Wetting is an event involving the droplet contact line on a surface. With
support of experimental data, Gao and McCarthy (2007) indicated that contact
angle behavior, including advancing, receding and hysteresis, is determined by the
interactions between the solid and the liquid at the three phase contact line alone,
and it is irrelevant to the interfacial area within the contact perimeter. In other
words, the Wenzel and Cassie theories are flawed within some of the regions, and
they are only valid to the extent that the structures of the contact area reflects the
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ground-state energies of the contact lines and the transition states between them.
The contact angle and hysteresis are a function of the contact line structure and
that the kinetics of droplet movement, rather than thermodynamics, dictates
wettability. In other words, wettability including advancing and receding contact
angles, and thus hysteresis, is a function of the activation energies that must be
overcome in order for contact lines to move from one metastable state to another
(Gao and McCarthy, 2009). It is important to know that the contact areas play no
role in this case during the wetting process. In addition, it should be noted that the
Wenzel and Cassie theories are incorrect in certain situations. As a result, it is
necessary to characterize the wettability of a surface using advancing, receding
and hysteresis, rather than only measuring the static contact angle.

2.6 Characterization of Droplet Wetting States
Micro-patterned surfaces have enormous potential in applications on artificial
self-cleaning surfaces, such as the next generation of vehicle windshields, exterior
paint for buildings, and solar panels (Sahoo and Kandasubramanian, 2014; Celia
et al., 2013; Xia et al., 2012). It has become clear that the existence of air under a
droplet governed by the Cassie and Baxter state on a hydrophobic micro-patterned
surface is an essential element in achieving self-cleaning properties (Bormashenko,
2015; Bhushan and Jung, 2011; Bhushan et al., 2009). Different wetting states of
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superhydrophobic surfaces, including the Wenzel state, the Cassie and Baxter state,
the “Lotus” state, the transitional superhydrophobic state between Wenzel’s and
Cassie’s states and the “Gecko” state, have been defined (Wang and Jiang, 2007).
The petal effect refers to a water droplet on the structured surface, such as a red
rose petal, with high static contact angle that cannot roll off, even when turned
upside down due to the Cassie impregnating wetting state (Feng et al., 2008).
Traditionally, verification of a droplet wetting state was only capable of identifying
the Wenzel and the Cassie and Baxter regimes on isotopic micro-patterned surfaces.
These mainly relied on a number of approaches such as observation of a droplet
from the front (Yong et al., 2014; Li et al. 2010; Jung and Bhushan, 2007; Chen et
al., 2005) or bottom views (Murakami et al., 2014; Park et al., 2009) captured by
optical microscopy, or a comparison between the static contact angle measured
experimentally and the calculated value from the Wenzel equation, as well as the
Cassie and Baxter equation (Zhao and Law, 2012). The most commonly used
method was to observe the existence of air under the droplet on the sample surface
from the front view image. However, both the Cassie and Baxter state and partial
wetting consist of solid-liquid-air interfaces which are in composite states. The
main difference between these two regimes is that the Cassie and Baxter state is
relatively stable due to the energy barrier resistance of the wetting transition
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changing from the Cassie and Baxter regime to the Wenzel regime. However, in
partial wetting a metastable state occurs during the wetting transition when the
droplet partially penetrates into the grooves (Murakami et al., 2014; Ren, 2014;
Song et al., 2015). In other words, the existence of air under the droplet, shown in
the front view image, can only prove that the droplet consists of solid-liquid-air
interfaces but not verify that the droplet is governed by the Cassie and Baxter state
or is under partial wetting during transition. It is also difficult to directly observe
the air existing between the droplet and the relatively small surface geometries.
Although applying a light vibration on sample surfaces for measuring the most
stable apparent contact angle might identify the difference between the Cassie and
Baxter state and partial wetting (Merion et al., 2004; Marmur, 2006), this vibration
actually is an external force which might overcome the energy barrier in wetting
transition from the Cassie and Baxter regime to the Wenzel regime. Additionally,
other traditional methods are either limited to transparent materials, by observing
the bottom view of the sample, or are only based on the prediction from the
calculation using the Wenzel model, as well as the Cassie and Baxter model. Thus,
it is necessary to propose a better characterization method which is able to identify
various wetting states, including the Cassie and Baxter state and partial wetting.
Observation of the droplet contact line may be one of the best solutions to
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characterize the wetting states, especially the intermediate wetting states. Wetting
behavior on isotropic surfaces is quite different from that on anisotropic surfaces
(Zhao and Law, 2012; Cheng et al., 2016; Neuhaus et al., 2012). It is known that
the wetting behavior is mainly governed by material factors (Neuhaus at al., 2012;
Liu et al., 2015), the droplet contact line (Erbil 2014; Gao and McCathy, 2009;
Gao and McCathy, 2007), and the surface geometries of the sample (Yong et al.,
2014; Zhao et al., 2011; Ma et al., 2013; Rukosuyev et al., 2014; Davaasuren et al.,
2014; Li et al., 2015). Surface geometry is therefore identified as one of the major
factors affecting the wetting behavior, whereas the droplet contact line is important
in determining wettability. It is found that there has been only limited research that
focuses on investigation of the anisotropic wetting behavior of micro-directional
grooved surfaces experimentally (Cheng et al., 2016; Ma et al., 2013; Li et al.,
2015; Tanaka et al., 2013; Zhang et al., 2014; Jiang et al., 2015; Chen et al., 2011;
Lee et al., 2013; Kooij et al., 2012), theoretically (Tie et al., 2015; Jansen et al.,
2015) or by simulation modeling (Jiang et al., 2014; David et al., 2012; Jansen et
al., 2012). The existence of a solid-air-liquid interface on the planar side walls of
Polydimethylsiloxane (PDMS) microline arrays under a metastable state, during
the wetting transition from the Cassie and Baxter regime to the Wenzel regime,
has been recently proven (Luo et al., 2011). The derived theoretical relationships
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indicated that the air-water interfaces might be stationary at the top corners and
sidewalls of the microlines if the inclined angles of the microline sidewalls were
less than 90°. Otherwise, the interfaces could only be stationary at the top corners
of the microlines. However, there are very limited characterization methods
capable of identifying that the droplet contacts the side walls of the grooves
(Marmur, 2009). The limitation of the characterization of droplet wetting states
further leads to an incomplete understanding of the influence of the intermediate
wetting states, including partial wetting and droplet contact with the side walls of
the grooves, on the sliding performance of the water droplet.

2.7 Modeling and Optimization Approaches
According to the literature, there are several conceptual models to illustrate
the influence of roughness on hydrophobicity when a water droplet spreads and
engulfs the surface topography of a flat or rough surface. The hydrophobicity of
the sample surfaces can be mainly quantified as static contact angle, contact angle
hysteresis, and sliding angle by various models. All of the models are introduced
in detail in this section.
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2.7.1 Static Contact Angle
In 1805, a physician, Young, suggested that an interface between two
materials has a specific energy, the so-called interfacial energy, and it is
proportional to the interfacial area. This concept has become the foundations of
the wettability. It is well-known that the surface atoms/molecules of liquids/solids
have higher energy than those in the interior. This results in surface free energy or
surface tension to reach a stable state with a relatively low energy. Thus, the
surface properties can be quantitatively evaluated by surface tension or free
surface energy. The value is equal to the surface work required to keep one unit
area of the surface at a constant volume and temperature. The units of γ
commonly used are Jm-2 or Nm-1. This can be interpreted either as energy per unit
surface area or tension force per unit length of a contact line on the surface. During
the nineteenth and twentieth centuries, thermodynamic theories postulated that
superhydrophobicity is a wetting property but not particle cohesion. When a liquid
(L) is in contact with a solid (S), the molecular attraction reduces the energy of the
system and reaches an equilibrium value which is less than the sum of the two
separated surfaces. The wetting process of the interface formation is governed by
the thermodynamic principle of energy reduction. The total energy of the system
is reduced by the elimination of the two surfaces to form an interface. The
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thermodynamic condition of the wetting therefore can be represented as:

γ SA ≥ γ SL ≥ γ LA
whereγSA andγLA are the surface energies/tensions of the solid and liquid against
air respectively, and γSL is the interface energy/tension between the solid and
liquid. The work of adhesion can be expressed as:
WSL = γ SA + γ LA − γ SL

(2-1)

where WSL is the work of adhesion per unit area between the solid and liquid
surfaces. If a liquid droplet is placed on a solid surface, the cohesion of superficial
particles at the surfaces of solid and liquid will give rise to the appropriate angle
of the contact between the two surfaces as shown in Eq. 2-2 and Figure 2.14(a).
FSA = FSL + FLA cos θ Y

(2-2)

In other words, Young described that the interaction between the cohesion forces
among the liquid and the adhesion force of the liquid to the solid determine
whether the spreading of the liquid occurs over the surface, and results in an
appropriate angle of contact between them. When the droplet is small enough, it is
assumed that gravitational potential energy can be neglected. For a constant
volume, the droplet will therefore form a contact angle with the solid surface, and
the contact angle can be determined by Young’s equation:
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cosθY =

γ SA − γ SL
γ LA

(2-3)

Regarding an ideal solid surface, the influences of roughness and chemical
heterogeneity are neglected. Eq. 2-3 is deduced under the condition that the
substrate is assumed to be perfectly smooth, chemically homogeneous, and rigid.
However, there are no perfectly smooth ideal surfaces. As a result, it is necessary
to understand how the contact angle functions on a rough surface.

(a)

γLA
γSA

Air

θ

Liquid
γSL
Solid
Three phase boundary

(b)

(c)
Liquid

Liquid

θw

θCB

Air pockets
Figure 2.14 A liquid droplet (a) with force at three-phase contact line on a smooth
surface, (b) under Wenzel state on a rough surface, and (c) under Cassie-Baxter
state on a rough surface.

Wenzel (1936) was the first to establish a conceptual model for the theoretical
study of the wetting behavior illustrating the influence of roughness on
hydrophobicity when a water droplet on a rough surface spreads and engulfs the
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surface topography, under a solid-liquid interface as shown in Figure 2.14(b). It is
a homogenous solid-liquid interface which is undesirable for self-cleaning
surfaces due to its high contact angle hysteresis and water roll-off angle (Marmur,
2004). Following Wenzel’s model, Cassie and Baxter (1944) used the Wenzel
model to propose a modified model to describe the phenomenon of entrapped gas
under a droplet in the pits of a rough surface, resulting in a composite solid-liquidair interface. It is a composite solid-liquid-air interface which is desirable for
superhydrophobicity and self-cleaning surfaces, as shown in Figure 2.14(c) due to
its low contact angle hysteresis and water roll-off angle (Marmur, 2004). At
present, most researchers currently employ the Wenzel and the Cassie-Baxter
models to calculate the apparent contact angle of a water droplet on a rough surface.
The apparent contact angle of the liquid droplet, θw on a flat surface is calculated
by Wenzel formula as shown below:
cos θw = rcos θY ,

(2-4)

where r is the ratio of the actual area of liquid-solid interface to the projected area
on the horizontal plane of the rough surface (i.e. roughness factor) which is
completely wetted under a homogeneous state, and θY is the equilibrium contact
angle of the liquid droplet on the corresponding flat surface as shown in Eq. (2-3).
Cassie and Baxter (1944) described the apparent contact angle, θCB of the
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droplet on a solid-liquid-air interface by a formula which is modified from Wenzel
formula as shown below:
cos θ CB = f1 cos θ1 + f 2 cos θ 2

(2-5)

where f1 is the projected area of the liquid-air interfaces under the droplet on the
rough surface, and f2 is the projected area of the solid-liquid interfaces under the
droplet on the rough surface. Due to the hydrophobicity of air, the contact angle of
air (θ2) is 180°. Hence, the value of cosθ2 is −1. In addition, 1 − f1 = f2. The CassieBaxter model was modified according to Eq. (2-4) and Eq. (2-5). The modified
Cassie-Baxter model is shown as Eq. (2-6).
cos θ CB = rf cos θ 0 + f − 1

(2-6)

where f is the fraction of the projected wet area of the solid-liquid-air interfaces
under the droplet on the rough surface which is in a heterogeneous composite state
as shown in Figure 2.14(c). If the top asperities of the rough surface is relatively
flat, the roughness factor, r is assumed as 1. The Cassie-Baxter model as shown in
Eq. (2-6) is then expressed as:
cos θ CB = f (cos θ 0 + 1) − 1

(2-7)

All the static contact angles are measured by the structures and the events at
the droplet contact line. With regard to these estimation methods of the static
contact angle, the roughness factor, r and the fraction of the projected wet area of
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the liquid-air interfaces under the droplet, f should be calculated first with
reference to the given dimensions of the specific surface geometries.
Regarding the optimization of hydrophobicity of a surface, the higher the
static contact angle of the liquid droplet, θCB, the better the self-cleaning properties
of the surface. According to the Cassie-Baxter formula, as shown in Eq. (2-6), the
hydrophobicity of a surface can be improved by (i) increasing roughness factor, r,
(ii) using a more hydrophobic material (increasing θ0 when 90° < θ0 < 180°), or
(iii) decreasing the fraction of the projected wet area of the liquid-air interfaces
under the droplet, f where 0 < f < 1, since all of these approaches increase the value
of θCB. However, if the roughness factor or the fractional flat geometric area of the
liquid-air interfaces under the droplet cannot be defined accurately, this could lead
to a discrepancy in calculation. In addition, these equations do not consider other
factors such as pressurized air and unbalanced contact area between the liquid and
solid surfaces.

2.7.2 Dynamic Contact Angle
The dynamic contact angle can be measured when the three-phase boundary
of a liquid droplet is moving. In order to quantify the adhesion of a sample surface,
the advancing and receding angles of the liquid droplet can be measured to
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calculate the contact angle hysteresis (CAH). CAH is defined as the difference
between the advancing contact angle (ACA) and the receding contact angle (RCA).
Advancing and receding contact angles represent the maximum and minimum
contact angles of a liquid droplet on a sample surface respectively. There are
different characterization methods for contact angle hysteresis including the tilted
plate method (Zhao and Law, 2012), the sessile drop method by increasing and
decreasing liquid volume (Yeh and Chen, 2008), and the dragging method (Yong
et al., 2014). Different characterization methods have their advantages and
disadvantages.

(a)

(b)

Figure 2.15 Contact angle hysteresis measurements using (a) sessile drop method,
and (b) tilting plate method.

The sessile drop method is most commonly used to measure the CAH since
it simply requires a water pump for increasing and decreasing liquid droplet
volume as shown in Figure 2.15(a). However, this method is not appropriate for
characterizing surfaces with high friction since the droplet shape and the observed
contact angle may be distorted, especially when decreasing the liquid volume. This
43

Chapter 2 Literature Review

is especially true for surfaces with large hysteresis (Eral et al., 2012). In contrast
to the sessile drop method, the dragging method can avoid this problem since it is
not necessary to decrease the liquid volume. This method simply requires a liquid
syringe to drag the droplet on the sample. The distortion of the droplet being
dragged is mostly caused by the adhesion of the droplet to the sample surface.
Regarding the tilting method, the basic requirement for using this method is that
the liquid droplet should be able to slide on a tilted surface at a specific angle, as
shown in Figure 2.15(b).
To investigate the liquid droplet mobility on a sample surface, sliding angle
measurement is one of the major approaches to quantify the mobility. The sliding
behaviour of a liquid droplet on a sample surface is among the fundamental aspects
of wettability (Lv et al., 2010; Miwa et al., 2000). The sliding angle is the basic
characteristic of contact angle hysteresis of a sample surface. The sliding angle is
defined as the angle at which both the advancing and receding contact lines of the
liquid droplet start to move on the sample at a specific tilting angle. Furmidge
(1962) developed a model to describe the relationship between the sliding angle,
advancing contact angle, and receding contact angle, as shown in Eq. (2-8).
mg sin α
= γ (cos θ R − cos θ A )
w

(2-8)

where α is the sliding angle, m is the weight of the water droplet, w is the bottom
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width of the droplet, γ is free energy of the liquid at the liquid-gas interfaces, and

θ R and θ A are the receding and the advancing contact angles respectively.
Wolfram et al. (1978) established an empirical equation to describe the sliding
angle of a droplet on smooth surfaces of various materials as shown in Eq. (2-9).
sin α = k

2rπ
mg

(2-9)

where α is the sliding angle, r is the radius of the droplet contact circle, m is the
droplet weight, g is the gravitational acceleration, and k is a proportionality
constant.

2.8 Summary
Although extensive research has been conducted on fabrication methods
for self-cleaning surfaces, the major factors for achieving self-cleaning
properties, and characterization methods of droplet wetting states, some gaps
in this research have been identified as follows:
(i)

Most of the conventional fabrication methods on manufacturing
superhydrophobic surfaces are time-consuming, not suitable for
fabricating large surfaces, or are only applicable to particular
engineering materials such as metals, semiconductors, and alloys but
are limited for plastics. Hence, there are very few one-step highly
controllable manufacturing methods capable to fabricate bare
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hydrophobic micro-patterned surfaces with good sliding performance
for mass production.
(ii)

Conventional fabrication methods of superhydrophobic surfaces
mainly focus on improving the self-cleaning performance but most did
not consider combining it with optical properties. Therefore, it is
necessary to develop an optimization model to strike a balance between
the self-cleaning and optical properties for the next generation of
advanced self-cleaning surfaces.

(iii) Traditional verification methods of a droplet wetting state are only
capable of identifying complete wetting, and the composite wetting
state on isotopic micro-patterned surfaces, but cannot verify
intermediate wetting states. This limitation further leads to an
incomplete understanding of the influence of intermediate wetting
states on the sliding performance of a water droplet. It is therefore
necessary to propose a better characterization method to identify the
droplet wetting states.
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Chapter 3 Optimization Modeling of Biomimetic
Structures for Self-cleaning and Optical Performance

3.1

Introduction
In this chapter, the methodology used for modeling and optimizing

biomimetic structures for self-cleaning in ultra-precision machining is proposed
for this research study.
Figure 3.1 shows a schematic diagram of the methodology for modeling and
optimizing biomimetic structures for self-cleaning in ultra-precision machining. In
the first step of this approach, a structure or design should be determined by
defining the geometrical specifications qualitatively (i.e. number of geometrical
parameter involved). A model considering the self-cleaning performance and
optical performance of designed structure geometries are developed to estimate
the static contact angle by determining the wetted contact or composite contact.
The optical performance results including reflection and transparency of the
designed structured geometries are also predicted. The 3D surface modeling of the
designed structure geometry can be developed from the mathematical models, as
shown in Section 3.3.
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Figure 3.1 Schematic diagram of the methodology for modeling and optimizing
biomimetic structures for self-cleaning in ultra-precision machining.

Based on the results obtained from the model described previously, the
machining method of the corresponding surface geometry in ultra-precision
machining, such as ultra-precision raster milling, micro-milling, single-point
diamond turning (SPDT) with fast tool servo (FTS) or slow tool servo (STS) can
then be determined. After given specific machining parameters in the tool path
generation, a machining process modeling and simulation can be executed in order
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to estimate the form generation and roughness generation. A fabricated sample or
a mould insert of a workpiece with designed surface patterns can then be tested in
order to find out the compensation factors for injection moulding. 3D surface
topography measurements, such as for contact angle measurement is then followed
in order to find out the actual dimensions of the surface geometry, such as form
accuracy and surface roughness, self-cleaning performance (i.e. static and dynamic
contact angle), and optical performance. At the final stage of this approach, a mass
production of plastic plate or thin film can then be manufactured by precision die
casting or hot rolling respectively.

3.2

Design Criteria of Surface Geometry
The design criteria of the surface geometry of self-cleaning surfaces are based

on the three major requirements: self-cleaning performance requirements, optical
performance requirements, and consideration of machining capability.

3.2.1 Self-cleaning Performance Requirements
According to the literature, Wenzel in 1936 was the first to establish a model
to illustrate the influence of roughness on hydrophobicity when a water droplet on
a rough surface spreads and engulfs the surface topography. The apparent contact
angle of the drop, θw can be calculated by the Wenzel formula,
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cos θw = r cos θY

(3-1)

where r is the ratio of the actual area of liquid-solid interface to the projected area
on the horizontal plane of the rough surface (i.e. roughness factor), and θY is the
equilibriumm contact angle of the liquid drop on the corresponding flat surface. In
other words, Wenzel’s equation predicts that roughness will enhance the intrinsic
wetting behaviour of a surface which is determined by its surface chemistry (i.e.
surface material). If the contact angle on the smooth surface is higher than 90o,
roughness will further increase the observed contact angle. On the other hand, if it
is lower than 90o, roughness will further decrease the observed contact angle.

In case of the drop in contact angle, under the Cassie-Baxter state, involving
wetting on composite solid-liquid-air interface surfaces, the apparent contact angle,
θCB can then be calculated by the Cassie-Baxter formula,
cos θCB = rf cosθ0 + f − 1

(3-2)

where f is the fractional flat geometric area of the liquid-air interfaces under the
droplet.
According to the given surface geometry parameters of the designed
strucutured surfaces, the apparent contact angle can be estimated. However, the
accuracy of the estimation will highly depend on the f value in which the calculated
results can deviate from the experimental results due to the unbalanced contact
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area of liquid on the measured surface.
Mathematical models based on Wenzel regimen and Cassie-Baxter regimen
for the estimation of static contact angle of two typical structured surface design
(a) micro-grooves, and (b) micro-pillars (see Figure 3.2) are derived as follows:-

r = (c − 2h cot α + s + 2h cscα ) (c + s )

 A = 2(csc α − cot α )

B = c / h
C = s / h


= 1 + 2h(cscα − cot α ) (c + s )
= 1 + 2(cscα − cot α ) (c / h + s / h )
= 1 + A /( B + C )
(a)

c

Air

s

(b)

(3-3)

h
α
s

Solid

c

h
α

s/2

Figure 3.2 Two typical structures surface design (a) micro-grooves, and (b) micro-pillars
(Kong et al., 2012).

Eq. 3-4 obtained is to describe the droplet under the Wenzel regimen on the
designed structure surfaces.
cosθ w = r cos θ Y = [1 + A /( B + C )]cos θ Y

(3-4)

Eq. 3-7 is expressed in terms of A, B, C and θY to describe the droplet under the
Cassie-Baxter regimen on the designed structure surfaces.
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f =

s
1
1
=
=
(c + s ) (1 + c / s ) (1 + D )

{D = c / s

cos θCB = rf cosθY + f – 1

cosθ CB =

1 
A

(1 +
) cosθ Y + 1 − 1

(1 + D)  B + C


(3-5)

(3-6)

 A = 2(csc α − cot α )
B = c / h


C = s / h
 D = c / s

(3-7)

According to Eq. 3-7, when the apparant contact angle, θCB is high, the
possibility of droplet rolling becomes higher. In other words, the value of cosθCB
should be small. Therefore, it requires a high value in θY, B, C and D but a small
value of A.
However, the equation does not consider other major factors such as
pressurized air under the droplet and unbalanced contact area between the surface
and the liquid. Pressurized air under the droplet can affect the value of apparant
contact angle of droplet since it can change the reaction force acting on the droplet
due to the surface geometry. Unbalanced contact area between the surface and the
liquid also leads to a deviation in the equilibrium contact angle of the liquid drop,
θY. Partial wetting on the rough surface is another factor that also leads to a
deviation of the prediction using the equations.
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3.2.2 Optical Performance Requirements
As well as the basic self-cleaning properties, an advanced self-cleaning
surface includes optical functions such as transparency and aberration in design. A
mathematical equation of the transparency requirement for the two typical
structured surface design (a) micro-grooves, and (b) micro-pillars (see Figure 3.2)
is illustrated as follows (Kong et al., 2013):

OP =

Adjacent area of α within one period
→ minimum
Flatten area within one period
OP =

2h cot α
→ minimum
c − 2h cot α + s

(3-8)

(3-9)

Eq. 3-9 implies that the smaller the OP value obtained, the higher the transparency
of the structured surface. The numerator of the OP value in Eq. 3-9 shows the
inclination area of the surface geometry which is not desirable for transparency in
the use of the optical function. Theoretically, the optimum OP value will be
achieved when α approaches 90 degree. However, there must be an angle at the
side wall of the grooves. Otherwise, it will be a problem for demolding the molded
micro-patterns during the plastic injection molding process. Besides the parameter
of α, there are still other parameters such as h affecting the OP value, even the
machinability and the wetting transition of a micro-patterned surface. The values
of c and s in the denominator of the OP value in Eq. 3-9 are defined as the flattened
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area of the surface geometries which is desirable for the transparency of the optical
performance. Therefore, the larger the value of c and s, the smaller the value of
OP, so that the better the optical function of the surface geometry. Thus, one of the
ways to achieve a better performance in transparency of the surface geometries is
to minimize the OP value. This equation is one of the objective functions in the
optimization model for investigating the equilibrium performance between selfcleaning performance and optical performance in ultra-precision machining
surface geometries.

3.2.3 Consideration of Machining Ability
As well as meeting the self-cleaning and optical performance requirement,
machining ability should also be considered in the design criteria of the surface
geometry. The machining ability consists of the surface generation mechanism of
the surface geometries (i.e. ultra- precision raster milling and single-point diamond
turning with fast tool servo), cutting tool shape (i.e. acute tool, round tool or facet
tool) as displayed in Figure 3.3, and cutting conditions (i.e. feed rate, step distance,
and depth of cut). All of these factors directly affect the surface geometry
manufactured by the ultra-precision machining. To protect the diamond cutting
tool from wear, different numbers of cutting cycles were used to generate
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individual grooves. The higher the pattern depth, the more the cutting cycles are
required to generate individual grooves.

(a)

(b)

(c)

Figure 3.3 Optical images of (a) a round tool with a tool nose radius, (b) an acute
tool with a rake angle, and (c) a facet tool with a tool width used in ultra-precision
raster milling (Kong et al., 2013).

3.2.4 Design Challenge
As mentioned in sections 3.2.1 and 3.2.2, one of the major design challenges
is to achieve both self-cleaning performance and optical performance in designing
the surfaces geometries of advanced self-cleaning surfaces. However, it is found
that if the surface geometry has too high density of micro-structures, the large
water droplet contact area with the sample surface will increase the adhesive force
of the water droplet to the material surface and also lower the optical performance
of the sample surface. On the other hand, if the surface geometry has a too low
density, the small water droplet contact area with the material surface will improve
the optical performance of the material surface but it may not be able to achieve
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self-cleaning performance due to the droplet being under the Wenzel state. The
pattern depth should be high enough to prevent wetting transition of a micropatterned surface. However, it is more difficult to manufacture micro-patterns with
a higher pattern depth by plastic injection molding. The higher the pattern depth,
the higher the difficulty for the material fills up individual grooves with the same
groove width using plastic injection molding. As a result, there is a clear need to
develop an optimization model to find the equilibrium performance between selfcleaning performance and optical performance. The optimization model includes
the following steps:
(i)

To identify droplet wetting state.

(ii) To maximize the static contact angle using Eq. 3-7 as the first constraint.
(iii) To minimize the OP value using Eq. 3-9 as the second constraint.
(iv) To strike a balance between the wetting and optical performance.
After the establishment of such an optimization model, the model will be validated
experimentally.

3.3

Structure Design
According to the schematic diagram of the two typical designed structured

surfaces (i.e. micro-grooves and micro-pillars) as shown in Figure 3.2, the
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corresponding mathematical models have been constructed to act as the modeling
foundation to facilitate the development of the optimization model of biomimetic
structures for self-cleaning.

3.3.1 Mathematical Model of Micro-directional Grooved Surfaces
The mathematical model of micro-directional grooved surfaces, as illustrated
in Figure 3.4, can be derived as Eq. (3-11). The ideal surface topographies of these
micro-grooved surfaces can be simulated using MATLAB. The simulation results
of the micro-grooved surfaces are shown as Figure 3.5.

y

w

s
l2
h

l3

l1
β

l4
c

b

x

Figure 3.4 A mathematical model of micro-directional grooved surfaces.

The period of the grooves can be calculated by:

q=s+w

(3-10)

where s is the spacing of the grooves, and w is the width of the grooves.
Each period of the groove has four equations, and the equations for the
cross sectional profiles of the grooves are thus derived as:
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c


l1 : z = tan β  x + 2 − mq 




l 2 : z = h


l : z = − tan β  x − c − mq 
3
2



l : z = 0
4


c
s
− + mq ≤ x < − + mq
2
2
s
s
− + mq ≤ x < + mq
2
2
s
c
+ mq ≤ x ≤ + mq
2
2
c
c
+ mq ≤ x ≤ + b + mq
2
2

(3-11)

For m = 0,1,⋅ ⋅ ⋅, n , where n is a parameter related to the number of the grooves,
n−1 is the number of the grooves. y in the Eq. (2) is expressed as 0 ≤ y ≤ 1 , where
l is the length of the groove.
A set of design parameters in which α is 75o, s = 5µm, c = 40µm and h = 9µm
is then being input into the model for validation. The 2D plot of profile and 3D
plot of the frustum ridge by the mathematical model is shown in Figure 3.5.
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Figure 3.5 (a) 2D plot of profile, and (b) 3D Plot of frustum ridge by the
mathematical model with input parameter: α =75o, s = 5µm, c = 40µm and h =
9µm.
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3.3.2 Mathematical Model of Micro-pillar Surfaces
The mathematical model of the micro-pillar surfaces, as illustrated in Figure
3.6, can be derived as Eq. (3-12).

z

y

y

c1

s+c2
s4 s6

s1 s5
s2

s3

s
b2
b1

s6
s6

x

o x1 x2 x3

c2
s

x4

x

Figure 3.6 A mathematical model of micro-pillar surfaces.

The corresponding mathematical model of the micro-pillars is established as
follows:
s1 : z = [ x − nq ] tan β
s : z = [ x − mq ] tan β
 2
s3 : z = − tan β [ x − nq − c]

s4 : z = − tan β [ y − mq − c]
s5 : z = h

s6 : z = 0

(3-12)

Following the mathematical model of micro-directional grooved surfaces, a
set of design parameters in which α = 75o, s = 5µm, c = 40µm and h = 9µm is also

input into the model for validation after the complete construction of the model.
The 3D plot of a single pillar and a pillar array by the mathematical model are
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demonstrated in Figure 3.7.

(a)

(b)
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Figure 3.7 (a) 3D plot of a single pillar, and (b) 3D Plot of a frustum pillar array
by the mathematical model with input parameter: α =75o, s = 5µm, c = 40µm and
h = 9µm.

3.4

Experimental Procedures
Wang et al. (2009) investigated the micrometre surface topography of the

lotus leaf, and found that the average height, width and distance between micropillars on the front surface of a fresh lotus leaf were 15µm, 7µm and 20µm
respectively. As a result, the testing range of surface geometric parameters of
micro-structure patterns in this study refers to these measurement values.

3.4.1 Fabrication of Micro-patterns Using Ultra-precision Raster Milling
Polymethyl methacrylate (PMMA), which is a transparent thermoplastic, was
chosen as the testing material. It is commonly applied as an alternative to glass
due to its higher impact strength and lower density compared with glass. Besides,
its natural hydrophilic properties help investigate whether the surface geometric
60

Chapter 3 Optimization Modeling of Biomimetic Structures for Self-cleaning and
Optical Performance

parameters catalytically ease the transition from the composite solid-liquid air
interface to a homogeneous solid-liquid interface on hydrophilic materials. Nine
samples of micro-grooved structures on PMMA surfaces with an approximately
9µm depth of groove, 5µm distance between grooves and different values of
groove width (5, 10, 15, 20, 25, 30, 35, 40, 45µm) were machined, using ultraprecision raster milling, by a Freeform 750G which is a 5-axis ultra-precision
machine (see Appendix I). The wetting transition on the machined PMMA surfaces
is studied by varying the width of groove. The designed micro-grooved pattern on
the PMMA surface is shown in Figure 3.8. Microaperities consist of grooves with
periodic depth a, width b and distance c. The machined area of each sample on
PMMA is approximately 25mm x 20mm. The cutting conditions are summarized
in Table 3.1.

Figure 3.8 Schematic diagram of the periodic micro-grooved pattern on PMMA
surface.
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Table 3.1 Cutting conditions.
Conditions

Details

Diamond tool

Single-crystal diamond

Type

Tool A (PLF25.5)

Rake angle

25.5o

Clearance angle

12.5 o

Workpiece materials

PMMA

Spindle speed

4,000 rpm

Depth of cut

-

Swing distance

60mm

Feed rate

100mm/min

Step distance

0.1mm

Cutting strategy

Vertical cutting

Cutting environment

Lubricant off

3.4.2 Surface Topography Measurement
An optical profiler, Alicona InfiniteFocus (see Appendix IV), was used to
measure the surface topography of the machined PMMA. It is an optical 3D
surface measurement device which is able to measure complex components with
various geometries and materials. 50x magnification, 1.80ms in exposure
(brightness) and 1.20 in contrast were used for all 3D surface topography
measurements of the samples. The measured surface height maps and 2-D profiles
of the micro patterns on different samples are shown in Figure 3.9. The 2-D
profiles of the micro patterns were measured using a cross-sectional plane cutting
through the sample in the software interface. The results of the actual dimensions
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are the mean values of ten measurements on different specimens, which are listed
and compared with the designed dimensions in Table 3.2. Deviation between the
actual and designed dimensions was found in the range of 0.06µm – 1.2µm.
(a) 5µm
215 µm

285 µm
(b) 10µm
215 µm

285 µm
(c) 15µm
215 µm

285 µm
(d) 20µm
215 µm

285 µm
(e) 25µm
215 µm

285 µm
(f) 30µm
215 µm

285 µm
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(g) 35µm
215 µm

285 µm
(h) 40µm
215 µm

285 µm
(i) 45µm
215 µm

285 µm

Figure 3.9 Surface height maps and 2-D profiles of the micro patterns on PMMA
surfaces with various groove width of (a) 5µm, (b) 10µm, (c) 15µm, (d) 20µm, (e)
25µm, (f) 30µm, (g) 35µm, (h) 40µm, and (i) 45µm by Alicona InfiniteFocus (50x).
Table 3.2 Measured dimensions of micro patterns with 9µm depth, various widths
and 5µm distance between grooves by Alicona InfiniteFocus (50x).
Designed

Designed

Sample

depth of

width of

number

grooves

grooves

(µm)

(µm)

1

9

5

2

9

3

Designed

Measured

Measured

Measured

depth of

width of

grooves

grooves

(µm)

(µm)

5

8.572

4.489

4.777

10

5

9.844

10.383

4.826

9

15

5

8.894

13.859

5.266

4

9

20

5

9.889

20.218

4.940

5

9

25

5

9.458

24.848

5.316

6

9

30

5

9.392

30.126

5.229

7

9

35

5

8.798

35.864

4.663

8

9

40

5

8.870

40.576

4.943

9

9

45

5

8.301

45.322

4.562

distance
between
grooves
(µm)
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3.4.3 Contact Angle Measurement
The static contact angle measurement was carried out by a ramé-hart model
400 goniometer. The image of a sessile droplet on a surface was taken and
analyzed by DROPimage Standard software using a secant fitting routine. The
secant fitting method is often applied when fitting and measuring the contour of
water droplets in which its static contact angle is lower than 90o, or for distorted
water droplets. This contact angle measurement method aims to calculate the angle
between the tangent calculated from the selected region in the arc of the water
droplet in contact with the sample surface and the sample surface. This is a
relatively accurate fitting method compared with the conic fitting routine.
Regarding the water droplet size influencing the contact angle measurement,
Nosonovsky and Bhushan (2006) found that increasing droplet size gives the same
effect as increasing the period of roughness. In addition to this, a composite
interface is less likely for larger droplets and larger asperities. A deionized water
droplet of approximately 5µl was gently deposited onto sample using a
microsyringe in the experiment (He et al., 2003). The gentle deposition of water
droplet is for the purpose of minimizing the external force applied from the water
droplet to the measured surface. This prevents any bouncing or pinning of the
water droplet on the measured surface. The results of the static contact angle of
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the water droplets were the mean values of measuring ten droplets placed in
different positions on the sample surface. The observation direction in the static
contact angle measurement was along the direction of the grooves on the machined
surface. All contact angle measurements were conducted at 22oC ±1oC and 50 ±5%
relative humidity.

3.5 Results and Discussion
3.5.1 Static Contact Angle Measurement
As shown in Table 3.3, the measured static contact angle of the water droplets
placed on a PMMA surface without machining was 77.7o ± 1.3. After turning the
sample 90o horizontally, the measured static contact angle was 76.3o ± 2.1. As
PMMA is a hydrophilic material with high surface energy due to its polar group,
the static contact angle normally should be less than 90o. This result is consistent
with the findings in the literature. The difference in static contact angle measured
between these two directions is about 1.4o which is insignificantly small. This
shows that a PMMA surface without machining is relatively isotropic with respect
to the measurement of the static contact angle.
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Table 3.3 Static contact angle (± SD) of PMMA surfaces without machining.

Direction

Static contact angle (o)

A

77.6 ± 1.3

Perpendicular to direction

76.2 ± 2.1

The static contact angle of nine PMMA surfaces with micro patterns of
various widths of groove are tabulated in Table 3.4. The data shows that the static
contact angle of a hydrophilic material, PMMA ,with micro patterns on nine
sample surfaces is over 125o which is much higher than that of flat surface, 76.9o.
It is interesting that these results of static contact angles on PMMA with micro
patterns are different from the results reported by Jung and Bhushan (2006) who
found that without a hydrophobic coating such as perfluorodecyltriethoxysilane,
PFDTES, the PMMA nanopatterned surface manufactured by soft lithography
achieved a static contact angle of less than 90o due to its intrinsic hydrophilic
surface. This can be caused by the surface geometric parameters of the PMMA
nanopatterned surface manufactured by soft lithography. The specific
nanopatterned surface manufactured by soft lithography cannot support water
droplets due to insufficient air pocket formation in the asperities. This implies that
surface material is not a major factor which affects the static contact angle and
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wetting transition, but surface geometry is. In addition to this, it also shows that a
hydrophilic material without any hydrophobic coating can achieve a high static
contact angle of water droplets through machining micro patterns on it.

Table 3.4 Static contact angle (± SD) of micro-patterned PMMA surfaces
measured in the direction along the grooves.
Sample number

Width of groove (µm)

Static contact angle (o)

1

5

133.8 ± 2.08

2

10

127.9 ± 3.01

3

15

136.6 ± 1.26

4

20

128.4 ± 1.93

5

25

136.2 ± 2.07

6

30

133.6 ± 2.82

7

35

132.8 ± 2.31

8

40

144.8 ± 2.96

9

45

120.9 ± 11.96

Most of the static contact angles of PMMA surfaces with micro patterns, from
sample 1 to sample 7, achieve approximately 135o for a 5µm to 35µm width of
groove, except the 10µm and 20µm widths of groove in samples 2 and 4. After
being inspected in regard to the surface topographies and 2-D profiles, some of the
top asperities’ surfaces on sample 2 and sample 4 were found to have a slight slope,
as circled in Figure 3.10. These uneven top asperities’ surfaces can lead to a
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reduction in the static contact angle of the micro patterns due to the unbalanced
contact area with the water droplets. This explains why the static contact angle of
PMMA surfaces with micro patterns decreases slightly from approximately 135o
(i.e. the static contact angle of samples 1, 3, 5, 6 and 7) to 128o in sample 2 and
sample 4 with a 10µm and 20µm widths of groove respectively.

Figure 3.10 2-D profiles of the micro patterns on PMMA surfaces with (a) 9µm
depth, 10µm width, 5µm distance between grooves, and (b) 9µm depth, 20µm
width, 5µm distance between grooves.

The data in Table 3.4 shows that the static contact angle of PMMA surfaces
with approximately 9µm depth of groove, 40µm width of groove and 5µm distance
between grooves (i.e. sample 8) achieves 144.8o. Once the groove width increases
from 40µm to 45µm, the static contact angle decreases significantly from 144.8o
to 120.9o. Furthermore, the standard deviation in the static contact angle measured
on sample 9 is ±11.96o. This shows that the air pocket formation nearly reaches
the maximum level in the micro patterns with a 40µm groove width. Therefore,
this dramatically increases the static contact angle from 135o to 144.8o which is
the highest static contact angle for the nine samples in a range of between 5µm and
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45µm groove widths. The static contact angle decreases sharply from 144.8o to
120.9 o when the groove width increases from 40µm to 45µm. This reveals that a
water droplet will start to contact the bottom of the groove. This results in the
changing of the wetting transition from the Cassie-Baxter regime to the Wenzel
regime. Due to the manufacturing deviation in surface geometries of the micro
patterns, some of the water droplets can still be supported by the air pocket in the
asperities, as illustrated in Figure 3.11 but some have sunk and engulfed the surface
topography. This induces fluctuating values of the static contact angle on the
surface of sample 9, collected in the measurement. The high standard deviation of
the static contact angle also implies that the wetting transition of a 5µl water
droplet is unstable when it is placed on a micro-grooved pattern, with
approximately 9µm depth of groove, 45µm width of groove and 5µm distance
between grooves.

Figure 3.11 A water droplet suspended on a surface with periodic micro-grooved
pattern.
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The contact angles on PMMA surfaces with micro patterns are plotted as a
function of groove width in Figure 3.12. According to the findings in our
experiment, the dotted line drawn in Figure 3.12 indicates the boundary of wetting
transition between composite solid-liquid air interface and homogeneous solidliquid interface under a 5µl water droplet. This result is similar to the findings from
Jung and Bhushan (2007) who reported that patterned Si with approximately 70
pitch values coated with PF3 met the transition criteria from the Cassie-Baxter
regime to the Wenzel regime.

Figure 3.12 Static contact angle as a function of geometric parameters of the micro
patterns on PMMA surfaces with different groove width values with 5µl volume.
A dotted line represents the boundary of wetting transition.

3.5.2 Length of Water Droplet Elongation

In order to verify the wetting transition on sample surfaces, the length of
water droplet elongation along the grooves were also measured in this study. Table
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3.5 summarizes the measured elongation length of a water droplet along the
grooves. Figure 3.13 shows the elongation of a 5µl deionized water droplet in
contact with PMMA surfaces, for different samples, captured during the contact
angle measurement. All the elongation lengths were the mean values in measuring
six droplets of water placed in different positions on the sample surface.

Table 3.5 Length of water droplet elongation (± SD) along the grooves of micro
patterns on PMMA surfaces measured.
Sample number

Width of groove (µm)

Length of elongation along the grooves (mm)

1

5

4.91 ± 0.18

2

10

6.13 ± 0.15

3

15

5.57 ± 0.28

4

20

5.73 ± 0.14

5

25

5.25 ± 0.25

6

30

5.27 ± 0.11

7

35

5.45 ± 0.09

8

40

4.52 ± 0.26

9

45

6.16 ± 1.07
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(a) 5µm

(b) 10µm

(c) 15µm

(d) 20µm

(e) 25µm

(f) 30µm

(g) 35µm

(h) 40µm

(i) 45µm

Figure 3.13 Images of a 5µl water droplet in contact with PMMA surface with
different groove width of (a) 5µm, (b) 10µm, (c) 15µm, (d) 20µm, (e) 25µm, (f)
30µm, (g) 35µm, (h) 40µm, and (i) 45µm captured in the direction perpendicular
to that of grooves.

The data in Table 3.5 shows that the length of elongation along the grooves
in sample 2 with a 10µm groove width and sample 4 with a 20µm groove width
are 6.13mm and 5.73mm respectively. These two elongation lengths are much
longer compared with samples 1, 3, 5, 6 and 7 in which their elongation lengths
were between 4.91mm and 5.57mm. These data are consistent with the static
contact angle data shown in Table 3.4. As discussed previously, some uneven top
asperities’ surfaces were found in sample 2 and sample 4. These uneven top
asperities’ surfaces, leading to the unbalanced contact area with the water droplets,
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not only cause a decrease in the static contact angle but also increase the elongation
of the water droplet. As shown in Figure 3.13(h), the droplet is supported by an air
pocket in the grooves and is in the Cassie-Baxter state. The sharp increase of static
contact angle when the groove widths increased from 35µm to 40µm is believed
to be the result of the air pocket being pressurized. The pressurized air trapped is
eventually deflated when the grooves further increase to 45µm. Once the width of
groove is increased from 40µm to 45µm, the length of elongation along the grooves
increases from 4.52mm to 6.16mm. This proves that the droplet totally engulfs the
surface topography, as shown in Figure 3.13(i). In other words, no entrapped air
exists inside the grooves so the droplet is under the Wenzel regime. This
phenomenon, however, triggers a problem of stabilization of the Cassie-Baxter
regime.

As shown in the findings of this study, the highest and lowest static contact
angles are found in sample 8 with a 40µm width of groove and sample 9 with a
45µm width of groove respectively. The surface geometry values between these
two samples are very similar due to the difference between widths of groove being
only 5µm. If an external force is applied to the water droplet on the surface of
sample 8, the water droplet will easily sink and contact the bottom of the groove.
This will result in a changing transition from the Cassie-Baxter regime to the
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Wenzel regime. Although sample 8 with a 40µm width of groove achieves the
highest static contact angle, sample 1 to sample 7 may be more stable than sample
8 in keeping within the Cassie-Baxter regime due to leaving relatively more buffer
in the air pocket formation by assuming that the droop of water with a fixed volume
will decrease when the width of groove decreases under a fixed depth of groove.

3.5.3 Optical Testing of Biomimetic Structures
In order to validate the optical performance of the structured surface design
of micro-grooves and micro-pillars mentioned in section 3.3, a micro-directional
grooved surface and a micro-pillar surface with 10µm groove depth, 45µm groove
width and spacing were machined by ultra-precision raster milling by a Precitech
Freeform 705G (Precitech Inc., USA) 5-axes CNC UPRM machine. The sample
material was cyclic olefin copolymer (Topas COC, 5013SL-01), copolymerized
from norbornene and ethylene with a metallocene catalyst. The fundamental
differences in material property of PMMA and COC have been compared as shown
in Table 3.6. All the 20mm x 20mm COC sheets used in the experiment were
prepared by plastic injection molding. Details of fabrication method, surface
topography measurement, and wetting characteristics of the micro-patterned
surfaces are further discussed in Chapter 4.
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Table 3.6 Comparison between the material properties of COC and PMMA.
Property

Physical
properties

Mechanical
properties

Thermal
properties

Optical
properties

COC (TOPAS®5013)

PMMA

Density (g/cm3)

1.02

1.15-1.19

Water absorption (%)

<0.01

0.3-2

0.03

0.3-0.33

Linear mould shrinkage (%)

0.4-0.7

0.3-0.65

Melt flow, 115oC-260oC (g/10min)

24-48

0.9-27

Tensile strength (MPa)

46

47-79

Elongation at break (%)

1.7

1-30

Young modulus (MPa)

3200

2200-3800

Impact strength (kJ/m2)

13

1.2-20

Notched impact strength (kJ/m2)

1.6

11

Melt temperature (oC)

240-300

130

Thermal conductivity (W/m.K)

0.12-0.15

0.19-0.24

Glass transition temperature (oC)

130

100-105

Light transmission (%)
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1.53

1.49-1.498

Moisture absorption at
equilibrium (%)

Refractive index

After the fabrication of the micro-grooves and pillars, practical tests were
conducted to evaluate the optical performance. As shown in Figure 3.14, a flat
COC sample is compared with the micro-grooves and micro-pillars. According to
the experimental results, all the optical images displayed from the flat COC sample,
the micro-directional grooved COC sample, and the micro-pillar COC sample are
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clear with or without light reflection.

Flat Micro grooves

Micro pillars

Flat Micro grooves

Micro pillars

Figure 3.14 Optical images displayed from flat COC sample, micro-directional
grooved COC sample, and micro-pillar COC sample (a) without light reflection,
and (b) with light reflection.

In order to quantify the optical performance of the micro-patterned surfaces,
the values of transmittance and haze were measured in the range of a transmittance
spectrum from 420nm to 780nm wavelength using a Micro-Light MH-500 haze
meter. Haze refers to the percentage of diffuse transmission to total transmission.
As shown in Table 3.7, the transmittance of micro-grooves and micro-pillars are
91.35% and 89.60% respectively. These values are close to the transmission value
of 91.56% measured from a flat surface. In addition, the haze of micro-grooves
and micro-pillars are only 8.72% and 10.28% respectively. This shows that the
haze values did not increase significantly after machining the micro-patterns when
compared with a haze value of 1.73% measured from the flat sample. This implies
that the roughness of the flat areas at the top and the bottom surfaces of the micropatterns machined by UPRM can be controlled using a faceted single-crystal
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diamond cutting tool. The micro-patterned surfaces are highly transparent for
advanced self-cleaning surfaces.

Table 3.7 Optical performance of micro-patterned COC surfaces.
Distance

Depth of

Width of

Sample

grooves
(µm)

grooves
(µm)

between
grooves
(µm)

Transmittance
(%)

Haze (%)

Flat

-

-

-

91.56

1.73

Micro-grooves

10.0

45.5

45.1

91.35

8.72

Micro-pillars

8.3

45.1

45.5

89.60

10.28

3.6 Summary
Optimization modeling of biomimetic structures for advanced self-cleaning
surfaces has been proposed to fabricate micro-patterned surfaces by considerating
the hydrophobicity and optical performance by ultra-precision machining.
Experimental validation was conducted to evaluate both the wetting and optical
performances of the micro-grooves and the micro-pillars fabricated by UPRM.
An investigation of the influence of the micro-patterns on the wetting
transition in a hydrophilic material is presented. The effect of the micro patterns
of a polymer, PMMA, on hydrophobicity was studied by analyzing the static
contact angle and water droplet elongation along the grooves on the sample
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surfaces. It was found that a micro pattern with an approximately 9µm depth of
groove, 40µm width of groove and 5µm distance between grooves achieves the
highest static contact angle for a 5µl water droplet in the range of 5µm to 45µm
groove width. According to the findings in the experiment, surface geometry is
identified as one of the major factors which govern the static contact angle. A
hydrophilic material such as PMMA can become hydrophobic and achieve a high
static contact angle (i.e. 144.8o) if a micro-pattern with an appropriate surface
geometry is machined on its surface. As the surface material can mainly affect the
contact angle hysteresis and water roll-off angle, it is construed as an essential
factor in the self-cleaning properties in superhydrophobic surfaces.
The present work reveals that it is technically feasible to change the
hydrophilic nature of PMMA by directly creating micro patterns on the surface
using the ultra-precision raster milling technique. This one-step process provides
additional flexibility in the fabrication of a wider variety of micro patterns with
hydrophobicity when compared with other conventional methods. It was found
that micro-patterns could lead to a higher static contact angle for a polymer,
PMMA, at over 125o or even reaching 144.8o without any hydrophobic coating.
The water elongation along the grooves of 45µm width is much longer than that
with a 40µm width of groove (see Figure 3.13(h) and 3.13(i) due to the changing
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of the wetting transition from the Cassie-Baxter regime to the Wenzel regime.
Although the sample surface with a 40µm width of groove in a micro-pattern
achieves the highest static contact angle, sample surfaces with 5µm to 35µm
widths of groove in micro-patterns may be more stable in keeping within the
Cassie-Baxter regime due to leaving relatively more buffer in the air pocket
formation.
Regarding the optical practical test, it was found that all the optical images
displayed from the micro-grooves and micro-pillars on the COC samples was clear,
with or without light reflection, by controlling the roughness of the flat areas at the
top and the bottom surfaces of the micro-patterns using a faceted single-crystal
diamond cutting tool. This shows that the transparency of the micro-patterns can
be controlled using ultra-precision raster milling. Structural parameters for selfcleaning properties have been identified and provide an important guide for the
development of advanced self-cleaning surfaces.
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Chapter 4 Wetting Characteristics of Micropatterned Surfaces Fabricated by Ultra-precision
Raster Milling

4.1 Introduction
This chapter discusses the wetting characteristics of bare hydrophobic micropatterned surfaces machined by a highly controllable one-step mechanical
machining method, UPRM, which is potentially capable of manufacturing bare
hydrophobic micro-patterned surfaces with good sliding performance for mass
production in plastic injection molding. In the experiment, a micro-directional
grooved surface and a micro-pillar surface were fabricated by UPRM. According
to the mathematical models of micro-patterned surfaces, it was found from the
experiment that the measured static contact angle of a water droplet agree with the
static contact angle predicted by the models. This shows that the experimental data
successfully validate the models. More importantly, the micro-patterned surfaces
with high geometrical precision generated from UPRM define a more precise area
fraction of the projected wet area for predicting the static contact angle accurately,
and for investigating the feasibility of the application of the Wenzel as well as the
Cassie and Baxter model. By studying the static contact angle, the interaction
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between the water droplet and the sample surface, contact angle hysteresis, and
sliding angle of the water droplet on micro-patterned surfaces machined by UPRM,
the droplets governed by the Cassie and Baxter regimes are proven to have good
sliding performance. These bare micro-patterned surfaces are shown to have great
potential for mass production in microfluidic applications, such as artificial selfcleaning surfaces.

4.2 Experimentation
4.2.1 Experimental Setup
To prepare flat sample surfaces for machining micro-patterns, single-point
diamond turning (SPDT) was employed to cut sample surfaces at the same level
by a Nanoform 200 machine. This avoids the occurrence of various depths of
micro-patterns on a large area of the workpiece surface due to the incorrect level
of different workpieces. After the preparation, a Precitech Freeform 705G
(Precitech Inc., USA) 5-axes CNC UPRM machine, as shown in Figure 4.1(a),
was used to generate micro patterned surfaces on the workpieces which were
attached by a specially designed fixture, as illustrated in Figure 4.1(b). During the
machining process, a single crystal diamond faceted cutting tool with specific
included angle and width of tool tip was selected and fixed on the spindle with a
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certain swing distance. Figure 4.1(c) shows photos of the single crystal diamond
faceted cutting tool with a 30° included angle, a 75°exterior angle (β), and a
14.0µm tool tip width, taken by a Hitachi TM3000 scanning electron microscope
(SEM) (see Appendix II). The fixture, with four 90-degree corners, was
manufactured on a traditional lathe and computer numerical control (CNC) milling
machine. It consists of three workpiece slots that are parallel to each other. These
designs provide a better alignment of different workpieces during the machining
process and allow an accurate rotation of the fixture through 90 degrees using a
linear variable differential transformer (LVDT) tool probe to generate the micro
pillar surfaces. After the correct alignment of workpiece and the attachment of the
fixture on the stationary machine table, micro patterned surfaces could be
generated according to the input cutting conditions. All the cutting conditions of
UPRM, including spindle speed, depth of cut, swing distance, feed rate, step
distance, and cutting environment are shown in Table 4.1. The workpiece material
for this study was cyclic olefin copolymer (Topas COC, 5013SL-01) which is
copolymerized from norbornene and ethylene with a metallocene catalyst. All the
20mm x 20mm COC sheets used in the experiment were prepared by plastic
injection molding.
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(a)

(c)

Workpiece

y
b
x

Rake face
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Spindle
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Included
angle

Cutting tool

Workpiece slot

Workpiece

β
Cutting
edge

Fixture
Machine table

Tool
width

90°

Figure 4.1 Hardware configuration of UPRM: (a) A Precitech Freeform 705G
UPRM machine, (b) a workpiece fixture, and (c) SEM images of a diamond facet
cutting tool tip.
Table 4.1 Cutting conditions.
Conditions

Details

Tool type
Included angle

Single-crystal diamond faceted tool (14.0µm
Width)
30°

Spindle speed
Depth of cut
Swing radius
Feed rate

4,000rpm
Last depth of cut in 4µm
30.665mm
100mm/min

Step distance
Cutting strategy
Cutting environment

0.05mm in vertical cutting strategy
Horizontal and vertical cutting
Lubricant off

4.2.2 Fabrication of Micro-patterned Surfaces

In UPRM, there are two cutting strategies: horizontal cutting and vertical
cutting. The main difference in the cutting geometry between these two cuttings is
that the feed direction and the raster direction in horizontal cutting are opposite to
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that in vertical cutting, as shown Figure 4.2.
(a)

Step
distance

Spindle

Swing
y distance
b

z
x

Included
angle

Feed
direction

Uncut
area

Single crystal
diamond facet Stationary
cutting tool

Raster
direction

(b)

Raster
direction

Spindl
e

Swing
y distance
b
z
x

Included
angle

Uncut
area

Feed
direction

Step
distance
Single crystal Stationary
diamond
facet cutting
tool

Figure 4.2 Schematic diagrams of cutting geometry by UPRM: (a) horizontal
cutting, and (b) vertical cutting.

After consideration of the cutting efficiency and surface quality, a microdirectional grooved surface with 10µm depth, 45µm width, 45µm spacing, and a
75° angle were fabricated by tool path planning for surface generation. The
unidirectional retreat method was employed to generate grooves on the whole
single-point diamond turned sample surface by a horizontal cutting strategy, as
shown in Figure 4.3(a). After the generation of the whole micro-grooved surface
on the sample, vertical cutting with a step distance of 0.05mm was then employed
to mill the whole sample surface by moving the cutting tool up with a specific
value on the z-axis, as shown in Figure 4.3(b). The vertical cutting not only
controls the depth of grooves but also can control the roughness at the top of the
ridges using different cutting conditions such as feed rate and step distance (Cheng
et al., 2008).
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For the generation of the micro-pillar surfaces, a horizontal cutting strategy
using a unidirectional retreat method was employed to first generate grooves in
one direction, as illustrated in as shown in Figure 4.4(a). After the generation of
the whole micro-grooved surface on the sample, the fixture was then rotated 90°
along the z-axis, as shown in Figure 4.4(b). A horizontal cutting strategy using a
unidirectional retreat method was employed to generate grooves perpendicular to
the previous direction. The combination of the generated micro-grooves
perpendicular to each direction forms a micro-pillar surface. Vertical cutting with
a step distance of 0.05mm was then employed to mill the whole sample surface by
moving the cutting tool up a specific amount along the z-axis, as shown in Figure
4.4(c). Due to the dimension differences between the geometries of the grooves
and the cutting tool, and the protection of the diamond cutting tool from wear,
different numbers of cutting cycles were used to generate individual grooves.
Figure 4.5 shows a schematic diagram of each groove that was machined in four
cycles by a faceted diamond tool. The depth of rough-cut in cycles 1 and 2 is over
10µm, whereas the depth of finish cut in cycle 3 and 4 is 4µm. It is known that
cutting conditions and machine tool characteristics are major factors affecting the
surface generation in UPRM. Therefore, surface quality evaluation is necessary
and is discussed in the next session.
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Figure 4.3 Tool path design of a micro directional grooved surface generation in
sequence: (a) horizontal cutting on grooves, and (b) vertical cutting on ridges.
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Figure 4.4 Tool path design of a micro pillar surface generation in sequence: (a)
horizontal cutting on grooves, (b) horizontal cutting on grooves after a 90° turn of
fixture, and (c) vertical cutting on ridges.
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Figure 4.5 Cutting cycles of grooves on a workpiece in horizontal cutting
strategy.

4.2.3 Micro-patterned Surface Topography
To measure the geometrical parameters of the micro-directional grooved and
pillar surfaces machined in the experiment, a white light interferometer (Zygo
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Nexview shown in Appendix III) was employed to capture the surface
topographies. The system applied a non-contact method to measure surface
roughness, step height and angle of slope, with vertical resolution in the
nanometric range. Figure 4.6 and Figure 4.7(a) show the surface height maps, two
dimensional (2D) profiles, and cross sectional view of a periodic grooved surface
machined by horizontal cutting on grooves, without and with vertical cutting on
ridges in 20x magnification respectively. In this comparison, cross section A-A in
Figure 4.6 indicates that the edges of the ridges consist of material swelling after
generating grooves by horizontal cutting on a single-point diamond turned flat
surface. The material swelling directly affects the surface geometries of the micro
directional grooves and the flatness at the top of the ridges. To solve the problem
of material swelling, vertical cutting on the ridges was applied after generating
grooves by horizontal cutting. As shown in cross section B-B in Figure 4.7(a), the
vertical cutting successfully removed the material swelling and flattened the top
asperities of the ridges, also providing numerical control of the height of the
grooves. More importantly, this machining process generates surface geometries
with higher precision. This helps to define a more accurate area fraction of the
projected wet area to predict the static contact angle by the Cassie and Baxter
models.
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A

A

Material swelling

Cross Section A-A

Figure 4.6 Surface topography of a micro directional grooved surface with
material swelling.

Figure 4.7 shows the surface topography of micro-directional groove and
pillar surfaces in 20x magnification respectively, from the experiment. It is found
that the deviation between the designed and the measured dimensions of the microgrooved and pillar surfaces are within ±2µm, as listed in Table 4.2. The measured
angles of the slopes are around 75°, which is nearly equal to the angle formed by
the tool geometry shown in Figure 4.1(c). The deviation between the designed and
measured height of the pillars may be due to the material recovery of the cyclic
olefin copolymer. At the bottom of the grooves, as shown in Figure 4.7(b), there
is a step which shows a difference in the value of the pillar height, around 0.6µm,
in cross sections C-C and D-D. The measured experimental results show that the
rotation of the designed fixture did not significantly affect the relative depth of cut
by the tool on the sample surface, based on the datum of the fixture as shown in
Figure 4.1(b), when applying horizontal cutting for generating the micro-pillars.
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Cross Section B-B
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D
β =75.2°

(b)

D

β =74.7°
Cross Section C-C

Figure 4.7 Surface topographies of (a) the micro-directional grooved surface, and
(b) the micro-pillar surface from the experiment.
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Table 4.2 Measured geometrical parameters of micro-patterned COC surfaces.
Surface

Cross

Design

Design

Design

Measured

Measured

Measured

Measured

pattern

section

depth

width

spacing

depth

width

spacing

angle (°)

(µm)

(µm)

(µm)

(µm)

(µm)

(µm)

B-B

10

45

45

10.0

45.5

45.1

75.3

C-C

10

45

45

8.6

44.7

45.9

74.7

D-D

10

45

45

8.0

45.5

45.1

75.2

Groove
Pillar

4.3 Results and Discussion
4.3.1 Comparison with the Theoretical Models
4.3.1.1

The Wenzel Model

Wenzel (1936) developed a model to describe a droplet that completely
wetted a rough surface, forming a homogeneous solid-liquid interface, as shown
in Figure 4.8. The static contact angle of the droplet under the Wenzel regime, θW
can be calculated as follows:
cosθW = r cosθ Y

(4-1)

where r is the roughness ratio on the rough surface, and θ Y is the static contact
angle of a droplet on a flat surface. As shown in Figure 4.8, the shaded regions and
the dotted line regions represent the wetted area Aw and the projected area of the
wetted regions Aproj on the micro-patterned surface respectively.
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Figure 4.8 Schematic illustrations of the wetted area Aw and the projected area of
the wetted regions Aproj on (a) micro-grooved surfaces, and (b) micro-pillar
surfaces.

The roughness ratio, r of the micro-patterned surfaces is derived as follows:
r=

Aw
Aproj

(4-2)

The wetted area on the micro-grooved surface is:



2h
Aw =  b +
+ s  ⋅ l
 sin β

where the width of the bottom of grooves, b = w −

(4-3)

2h
, w is the width of
tan β

grooves, h is the depth of grooves, s is the spacing between grooves, β is the
exterior angle induced by the facet cutting tool, and l is the length of grooves on
the micro-grooved surfaces, as illustrated in Figure 4.8(a).



2h
2h
Aw =  w −
+
+ s  ⋅ l
tan β sin β



(4-4)

Aw = [s + w + 2h(csc β − cot β )]⋅ l

(4-5)
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The projected area of the wetted region on the micro-grooved surface is
determined as:
A proj = (s + w ) ⋅ l

(4-6)

The roughness ratio, r of the micro-grooved surface is:
r=

s + w + 2 h(csc β − cot β )
s+w

(4-7)

Dividing the numerator and the denominator of r in Eq. 4-7 by h, r is
expressed as:

r = 1+

2(csc β − cot β )
s w
+
h h

(4-8)

Hence, the Wenzel model of the micro-grooved surface is given by:

cosθW = (1 +

2(csc β − cot β )
) cosθ Y
s w
+
h h

A 

cosθ W = 1 +
 cosθ Y
 B+C 

(4-9)

(4-10)

 A = 2(csc β − cot β )

where  B = s / h
C = w / h

The wetted area on the micro-pillar surface is:
5

Aw = ∑ Ai + s1s2

(4-11)

i =1

The projected area of the wetted region on the micro-pillar surface is
determined as:
A proj = (s1 + w1 )(s 2 + w2 )
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where Ai is the total wetted area of A1, A2, A3, A4 and A5, s1 and w1 are the spacing
and width of pillars in one direction respectively, and s2 and w2 are the spacing and
width of pillars in the direction perpendicular to the previous direction respectively,
as illustrated in Figure 4.8(b).
The roughness ratio, r of the micro-pillar surfaces can be derived as follows:
5

∑A +s s
i

r=

1 2

i =1

(4-13)

(s1 + w1 )(s2 + w2 )

In the case where h1 < h2 (similar when h1 > h2), five areas on the micro-pillar
surfaces are calculated, as shown in Figure 4.8(b). The same faceted diamond
cutting tool with a 30° included angle is applied to generate two different
directional grooves perpendicular to each other. Both the geometries of the micropillars in two different directions, therefore have the same angle β which is 75°, as
shown in Figure 4.1(c). The five areas on the micro-pillar surfaces are derived as:
 A1 = 2( s1 + s1 + 2h2 cot β )h2 csc β / 2

 = 2( s1 + h2 cot β ) h2 csc β

 A2 = 2( s 2 + s 2 + 2h1 cot β )h1 csc β / 2

 = 2( s 2 + h1 cot β ) h1 csc β

 A3 = 2( w1 − 2h1 cot β + w1 − 2h2 cot β )(h2 − h1 ) csc β / 2

 = 2[ w1 − ( h1 + h2 ) cot β ](h2 − h1 ) csc β

 A4 = 2( w1 − 2h1 cot β )[ s 2 / 2 + w2 / 2 − (h2 − h1 ) cot β ]

 = ( w1 − 2h1 cot β )[s 2 + w2 − 2(h2 − h1 ) cot β ]

 A5 = ( s1 + w1 )(w 2 − 2h2 cot β )

(4-14)
( h1 < h2 )

Hence, the Wenzel model of the micro-pillar surface is given by:
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5

∑A +s s

1 2

i

cosθW =

i =1

(s1 + w1 )(s2 + w2 )

cosθ Y

(4-15)

In the case where s1 = s 2 = w1 = w2 , the Wenzel model of a micro-pillar
surface is expressed as:
5

∑A +s
cosθW =

4.3.1.2

i =1

4s1

2

1

i

2

cosθY

(4-16)

The Cassie and Baxter Model

Cassie and Baxter (1944) established a model based on modification of the
Wenzel model to describe a droplet on a heterogeneous surface, with solid-liquidair interfaces, as shown in Figure 4.8. The static contact angle of the droplet under
the Cassie and Baxter regime θCB can be calculated as follows:
cos θ CB = R f f cos θ F + f − 1

(4-17)

where f is the area fraction of the projected wet area, and Rf is the roughness ratio
on the wet area. As shown in Figure 4.8, the shaded regions and the dotted line
regions represent the wetted area Aw and the projected area of the wetted regions
Aproj on the micro-patterned surface respectively. The roughness ratio Rf on the
wetting area of the top asperities on both the micro-grooved and pillar surfaces are
assumed to be 1 in Eq. 4-17, since faceted diamond cutting is applied to generate
an optical flat surface by vertical cutting.
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The area fraction of the projected wet area, f of the micro-grooved surface is
derived as:
f =

s
s+w

(4-18)

Hence, the Cassie and Baxter model of the micro-grooved surface is given
by:
cos θ CB =

s
(cos θ Y + 1) − 1
s+w

Dividing the nominator and denominator of

(4-19)

s
in Eq. 4-19 by s, cos θ CB
s+w

is expressed as:

cosθ CB =

cos θ CB =

where D =

1

(cosθ Y + 1) − 1

(4-20)

1
(cos θ Y + 1) − 1
1+ D

(4-21)

w
1+
s

w C
= .
s B

In the case where s = w , the Cassie and Baxter model of the micro-grooved
surface is expressed as:
cos θ CB =

1
(cos θ Y + 1) − 1
2

(4-22)

The area fraction of the projected wet area, f of the micro-pillar surface is
derived as:

f =

s1 s2
(s1 + w1 )(s2 + w2 )

(4-23)

Hence, the Cassie and Baxter model of the micro-pillar surface is given by:
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cosθ CB =

s1 s2
(cosθ Y + 1) − 1
(s1 + w1 )(s2 + w2 )

(4-24)

In the case where s1 = s 2 = w1 = w2 , the Cassie and Baxter model of the micropillar surface is expressed as:
cos θ CB =

1
(cos θ Y + 1) − 1
4

(4-25)

By using Eqs. 4-10 and 4-21, the static contact angles from the Wenzel model
as well as the Cassie and Baxter model on the micro-grooved surface can be
predicted. Similarly, the static contact angles from the Wenzel model as well as the
Cassie and Baxter model on the micro-pillar surface are predicted by using Eqs.
4-15 and 4-24.

4.3.2 Static Contact Angle from the Experiment
In order to validate the mathematical models of the micro-directional groove
and pillar surfaces built in the previous section, the static contact angles of water
droplets were measured by a Sindatek model 100SB video-based optical contact
angle meter (see Appendix VI) using the sessile drop method. The images of water
droplets on various sample surfaces captured by camera from the side view are
presented in Figure 4.9. Each reported data of the static contact angle is the average
of six to eight independent measurements by a deionized water droplet of
approximately 5µl. Table 4.3 summarizes the experimental results and the

97

Chapter 4 Wetting Characteristics of Micro-patterned Surfaces Fabricated by
Ultra-precision Raster Milling

calculations from the Wenzel model as well as the Cassie and Baxter model, using
wetting analysis of the micro-patterned surfaces.

Table 4.3 Wetting performance of the micro-patterned COC surfaces.
Material

COC

COC
COC

Surface

Observation

Calculated

Calculated

Average static

Sliding

pattern

direction

θW

θCB

contact angle, θ

angle, α

Parallel

88.0°

119.0°

θ‖ = 108.9°±1.6

24°

Orthogonal

88.0°

119.0°

θ⊥ = 145.9°±1.8

Not slide

Parallel

87.7°

138.0°

θ‖ = 137.8°±1.6

Not slide

Orthogonal

87.7°

138.0°

θ⊥ = 138.1°±2.0

Not slide

-

-

θ = 88.3°±1.9

Not slide

Groove

Pillar
Flat

(a) θ = 88.3°

θ = 87.5°
(d)

(b) θ‖ = 108.9°

θ⊥ = 145.9°

(c) θ‖ = 137.8°

θ⊥ =138.1 °

Air pockets

Figure 4.9 Static contact angles of water droplets on (a) the flat surface, (b) the
micro-grooved surface, (c) the micro-pillar surface, and (d) air pockets under the
droplet on micro-patterned surface.

The average static contact angle of the water droplets on a single point
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diamond turned flat COC surface is 88.3° due to its intrinsic hydrophobic property,
as shown in Figure 4.9(a). After the generation of micro-directional grooves on the
flat COC surface by UPRM, the static contact angle of water droplet increases
from 88.3° to 108.9° in the parallel direction, as shown in Figure 4.9(b). This
reveals that the droplet freely advances on the ridges in the parallel direction, but
is restricted by the periodic ridges that induce an energy barrier in the orthogonal
direction (Zhao and Law, 2012; Neuhaus et al., 2012). The average static contact
angle of a water droplet therefore greatly increases from 88.3° to 145.9° in the
orthogonal direction. With respect to the micro-pillar COC surface, the static
contact angle of the water droplet increases from 88.3° to 137.8° and 138.1° in the
two directions perpendicular to each other, as shown in Figure 4.9(c). This
indicates that the measured static contact angle of the water droplet greatly agrees
with the static contact angle of 138.0° predicted by the Cassie and Baxter model.
More importantly, this shows that UPRM is capable of manufacturing micropatterned surfaces with high geometrical precision which defines a more accurate
area fraction of the projected wet area for predicting the static contact angle by the
Cassie and Baxter model, compared with other conventional fabrication methods
such as lithography (Murakami, 2014), laser etching (Li et al., 2012), and chemical
reaction (Tanaka et al., 2013). It is difficult to use these conventional methods to
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manufacture micro-patterned surfaces with highly controllable geometrical
precision and this definitely leads to the area fraction of the projected wet area in
the Cassie and Baxter model not being clearly defined. Figure 4.9(d) shows that
air pockets exist under the droplet on micro-patterned surfaces, and proves that the
droplet is in a composite wetting state.

4.3.3 Droplet Anisotropy
To observe the anisotropy of the water droplet on various COC surfaces
including a flat surface, a grooved surface and a pillar surface, the water droplet
contour was captured by an optical microscope (see Appendix V) from the top
view, as shown in Figure 4.10(a), Figure 4.10(b), and Figure 4.10(c). The droplet
shape on the flat COC surface is circular and is nearly the same as its initial shape
after deposition by a syringe. On the grooved surface, the droplet shape is elliptical
which reveals that the droplet becomes slightly anisotropic due to the directional
grooved surface geometries on the sample. Compared with the grooved surface,
the droplet shape on the pillar surface is more rectangular. This reveals that the
droplet becomes more isotropic due to the square pillars with equal spacing of the
surface geometry on the sample.
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(b)

(a)

(c)

Figure 4.10 Anisotropy of a water droplet on (a) the flat surface, (b) the microgrooved surface, and (c) the micro-pillar surface from the top view.

4.3.4 Droplet Contact Line
In order to quantify the droplet anisotropy, the lengths of the contact lines of
the droplets on different samples in the parallel and orthogonal directions, from
the side view in Figure 4.9, were measured using the software ImageJ. The length
of the contact line is 3.249mm on the flat surface. On the micro-directional
grooved surface, the lengths of the contact lines in the parallel and orthogonal
directions are 2.083mm and 1.274mm respectively. On the micro-pillar surface,
the lengths of the contact lines in the two directions are both equal to 1.471mm.
These experimental results indicate that the micro-patterns have greatly reduced
the lengths of the contact lines in the parallel and orthogonal directions compared
to the flat surface.
In addition, the droplet on the micro-directional grooved surface elongated
more in the parallel direction than that in the orthogonal direction. This can be
explained by the droplet under the Cassie and Baxter state on the micro-directional
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grooved surface freely advancing at the top of the ridges in the parallel direction
after its deposition, but being restricted by the spacing between the pillars in the
orthogonal direction. On the micro-pillar surface, the droplet under the Cassie and
Baxter state was restricted by the equal spacing between the pillars in the parallel
and orthogonal directions. The air in between the pillars induced equal amounts of
energy barriers to the droplet, and this resulted in the same length of the contact
line. As a result, the droplet on the micro-pillar surface is more isotropic than that
on the micro-directional grooved surface.
According to the image of the water droplet contact line from the top view,
as shown in Figure 4.11, the water droplet sits at the top of the ridges and the pillars
on the micro-directional grooved and micro-pillar surfaces respectively. This may
be due to the shaped edges induced by the machining process of vertical cutting
on the ridges and pillars, which help stabilize the deposition of the water droplet.
In other words, the shaped edges make the droplet sit at the top of the micro-pillars
due to the pinning effect. This provides evidence that the droplet is governed by
the Cassie and Baxter regime, and forms a solid-liquid-air interface with the micropatterned surface. More importantly, this is one of the essential requirements in
achieving hydrophobic self-cleaning surfaces.
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(a)

(b)
Water
droplet

Water
droplet

Groove
Ridge
Groove
Ridge

Pillar

Figure 4.11 Water droplets acting on (a) the micro-grooved surface, and (b) the
micro-pillar surface.

4.3.5 Contact Angle Hysteresis
In order to quantify the directional adhesion of the droplet anisotropy on three
different samples, the advancing and receding angles of the water droplets were
measured to calculate contact angle hysteresis (CAH) (Yong et al., 2014). There
are different characterization methods for contact angle hysteresis, including the
tilted plate method (Zhao and Law, 2012), the sessile drop method by increasing
and decreasing liquid volume (Yeh and Chen, 2008), and the dragging method
(Yong et al., 2014). Different characterization methods have their advantages and
disadvantages. The reason for not using the sessile drop method is that this method
may distort the droplet shape and the observed contact angle, especially when
decreasing the liquid volume. This is especially true for surfaces with large
hysteresis (Eral et al., 2012). Thus, it is not appropriate to characterize the contact
angle hysteresis on these surfaces using the sessile drop method. In contrast to the
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sessile drop method, the dragging method can avoid this problem since it is not
necessary to decrease the liquid volume. The distortion of the droplet being
dragged is mostly caused by the directional adhesion of the droplet to the micropatterned surfaces. Hence, the dragging method is selected to measure the contact
angle hysteresis of the fabricated sample surfaces. The droplets were dragged by
a syringe on the flat surface, the micro-grooved surface, and the micro-pillar
surface, as shown in Figure 4.12. In the case of a droplet not moving at the
advancing and/or receding contact line(s), the angle(s) measured at the front and/or
at the back is/are named as “distorted angle”.

(a)

(b)

77°

92°

(c)

98°

Parallel

Orthogonal

106° 130°

71°

162°

Orthogonal

Parallel

153°

105°

158°

Figure 4.12 Snapshots of the advancing and the receding angle measurement on
(a) the flat surface, (b) the micro-grooved surface, and (c) the micro-pillar surface.
According to the experimental results, only the droplet on the micro-grooved
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surface in the parallel direction moved at the advancing and receding contact lines
when being dragged, as shown in Figure 4.12(b). All the other droplets were either
distorted in the original position, or just advanced but did not recede on the sample
surface. This reveals that the droplet mobility of the micro-grooved surface in the
parallel direction is higher than that on both the flat surface and the micro-pillar
surface. This can be explained by the droplet under the Cassie and Baxter regime
on the micro-grooved surface in the parallel direction being able to freely advance
and recede at the top asperities of the continuous ridges when the droplet is being
dragged (Zhao and Law, 2012; Yong et al., 2014). These free movements of the
advancing and receding contact lines on the continuous ridges result in the
relatively low advancing and receding angles (106° and 71°) in the measurement,
as shown in Figure 4.12(b), when compared to the orthogonal direction and on the
micro-pillar surface. The CAH of the micro-grooved surface in the parallel
direction is 35°. However, the droplet on the micro-grooved surface in the
orthogonal direction was highly restricted by the spacing between the continuous
ridges. Some researchers indicated that surface friction is the main obstacle to
droplet mobility on rough surfaces (Zhao and Law, 2012). It is believed that
surface friction also plays a key role in this study. Thus, the friction induced by the
continuous ridges acting on the droplet results in the highest advancing angle (162°)
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and distorted angle at the back (130°), as shown in Figure 4.12(b).
In respect to the micro-pillar surface, the droplet under the composite wetting
state only advanced but did not recede on the sample surface in both the parallel
and orthogonal directions. The reason is that the movements of the droplet contact
line in the two different directions are restricted by the equal spacing between the
pillars (Gao and McCarthy, 2006). This makes the droplets require a similar
amount of activation energy to overcome the barrier of the wetting and dewetting
movements induced by the pillars at the advancing and receding contact lines when
being dragged. All of these results have similar advancing angles (153° and 158°),
and distorted angles at the back (98° and 105°) in the parallel and orthogonal
directions respectively, as shown in Figure 4.12(c). Therefore, the differences
between the advancing angle and the distorted angle at the back in the two
directions are similar (55° and 53°).
Regarding the flat surface, the droplet under the complete wetting state was
only distorted but did not move at the advancing and receding contact lines when
being dragged, as shown in Figure 4.12(a). This implies that the adhesion force
between the droplet and the surface is much higher than that between the syringe
and the droplet. Thus, this leads to the droplet with a 88.3° average static contact
angle remaining in its original position, and results in the distorted angle at the
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front (92°), and the distorted angle at the back (77°). It is believed that the droplet
wetting state is the dominant factor in this case.

4.3.6 Sliding Angle Measurement
To investigate the droplet mobility on the sample surfaces, sliding angle
measurements were conducted on a flat surface, a grooved surface, and a pillar
surface. Sliding behaviour of a water droplet on a sample surface is a fundamental
aspect of wettability (Lv et al., 2010; Miwa et al., 2000). The sliding angle is the
characteristic of contact angle hysteresis of the sample surface. The sliding angle
is defined as the angle at which the droplet starts to move on the sample. During
the sliding angle measurement, a 10µl water droplet was firstly deposited on the
sample surface on a computer-controlled tilting stage in the horizontal position.
The tilting angle was then increased until the droplet rolled off the surface. Figure
4.13 shows snapshots of the videos that recorded the sliding angle measurement
of various sample surfaces. With respect to the flat COC surface, the water droplet
did not slide, even at a 90° tilting angle, as shown in Figure 4.13(a). However, the
water droplet on the grooved surface started to slide at 24° in the parallel direction,
as shown in Figure 4.13(b). Compared with the grooved surface, the water droplet
on the pillar surface did not slide, even at a 90° tilting angle, as shown in Figure
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4.13(c). This reveals that the water droplet under the Cassie and Baxter regime still
forms a solid-liquid-air interface with the micro-directional grooved surface due
to the shape edge of the ridges during the tilting process, as shown in Figure
4.13(b).

(a) α‖ = 0°

α‖ = 20°

(b) α‖ = 0°

α‖ = 15°

(c) α‖ = 0°

α‖ = 20°

α‖ = 45°

α‖ = 70°

α‖ = 90°

α‖ = 24°
α‖ = 28°
α‖ = 29°
Sliding
Sliding
Rolled off

α‖ = 45°

α‖ = 70°

α‖ = 90°

Figure 4.13 Snapshots of water droplets acting on the inclined (a) flat surface, (b)
micro-grooved surface in the parallel direction, and (c) micro-pillar surface.

The sliding mechanism of a water droplet on micro-pillar surfaces is
completely different from that on micro-directional grooved surfaces. The water
droplet on the micro-pillar surface experiences a discrete wetting and dewetting
process at the advancing and receding contact lines respectively due to the spacing
between the pillars, the water droplet on the micro-directional surface experiences
a continuous wetting and dewetting process which is related to the inertia of the
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droplet when sliding on the continuous ridges in the parallel direction. Thus,
discontinuous advancement of the droplet caused by the spacing between the
pillars induced energy barrier results in the droplet not sliding on the inclined
micro-pillar surface, even at a 90° tilting angle. However, the water droplet on the
micro-grooved surface slides at 24° in the parallel direction due to the free
advancement of the droplet on the continuous ridges.
Tilting a sample to an inclined angle is a dynamic situation which is different
from the static contact angle measurement by the sessile drop method.
Theoretically, although the contact area between the water droplet and the pillar
surface is less than that on the grooved surface, one of the edges of the micropillars may act as an opposite force on an inclined surface to the sliding direction
of the water droplet. This may greatly increase the friction acting on the water
droplet. Additionally, the geometries of the micro-pillar surface provide more
spacing for water droplet penetrating between the pillars. This may trigger the
collapse of the droplet and its wetting state transits from the Cassie and Baxter
regime to the Wenzel regime during tilting. All these results show that a water
droplet on both the flat and the micro-pillar surface does not slide even at a 90°
tilting angle, whereas a water droplet on the micro-grooved surface slides at 24°
in the parallel direction. More importantly, the results from the sliding angle
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measurement are consistent with those from the contact angle hysteresis
measurement.

4.4 Summary
This chapter describes the wetting characteristics of bare hydrophobic micropatterned cyclic olefin copolymer surfaces machined by a one-step fabrication
method, ultra-precision raster milling (UPRM), which is potentially applicable for
mass production in plastic injection molding. Due to the sharp edges induced by
the numerical-controlled tool path of the material removal process in mechanical
machining, the area fraction of the projected wet area on the micro-patterned
surfaces can be defined accurately in the Cassie and Baxter model. This results in
good agreement of the static contact angle predicted by the models with the
measured static contact angle of the water droplet from the experiment. By
studying the droplet anisotropy, and the interaction between droplet contact line
and the micro-patterned surfaces, it is found that the water droplet governed by the
Cassie and Baxter regime is stabilized by the shape edges at the top asperities of
micro-grooves and micro-pillars after deposition on the sample surfaces. The
experimental results from the contact angle hysteresis and sliding angle
measurements show that a micro-directional grooved surface gives good sliding
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performance which is important for the potential applications in microfluidic
systems, such as artificial self-cleaning surfaces for mass production in plastic
injection molding.
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of

Intermediate

Wetting States and Anisotropic Sliding on Microdirectional Grooved Surfaces

5.1 Introduction
This chapter discusses a characterization method which can identify various
wetting states including partial wetting, droplet contact with the side walls of the
grooves, complete wetting, and the Cassie and Baxter state from observation of
the droplet contact line. It also covers the influences of the intermediate wetting
states on the anisotropic sliding performance of the water droplet. Under the same
area fraction of the projected wet area, bare micro-directional grooved surfaces
with different groove widths and spacing were fabricated by ultra-precision raster
milling (UPRM). According to observation of the droplet contact line, it was found
that various wetting phenomena exist on micro-directional grooved cyclic olefin
copolymer (COC) surfaces and polymethylmethacrylate (PMMA) surfaces with
different surface geometries. By studying the droplet shape anisotropy, variation
of the static contact angle against droplet deposition time, and comparison of the
measured static contact angle with the Wenzel and the Cassie and Baxter models,
various wetting phenomena have been identified. After characterization of the
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droplet wetting states, the influence of the intermediate wetting states including
partial wetting and droplet contact with the side walls of the grooves on anisotropic
sliding performance of water droplet were investigated.

5.2 Experimentation
5.2.1 Fabrication of Micro-directional Grooved Surfaces using UPRM
Single point diamond turning (SPDT) was firstly employed to cut three
sample surfaces at the same facing level in a Nanoform 200 machine. A Precitech
Freeform 705G UPRM machine with a single crystal diamond faceted cutting tool,
as illustrated in Figure 5.1(a), was then used to fabricate various periodic grooved
surfaces of depth h, width w, spacing s, and an inclined angle β, as shown in Figure
5.1(b). Both horizontal and vertical cutting strategies of UPRM were applied to
fabricate the grooves and the flat area at the top of the ridges respectively, on the
micro-directional grooved surfaces with differences in the depth level of the h
value (Cheng et al., 2016). Cyclic olefin copolymer (Topas COC, 5013LS-01)
copolymerized from norbornene and ethylene using a metallocene catalyst and
polymethylmethacrylate (PMMA) were chosen as the sample materials for this
study due to the mediate hydrophobic nature of COC and the hydrophilic nature
of PMMA. For the purpose of the experimental design, all the fabricated
directional grooved COC samples had different groove width and spacing (15µm,
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30µm, and 45µm) but the same f value (50%). The designed depth (h), width (w)
and spacing (s) of the grooves on the three COC samples were 10µm, 15µm, 15µm;
10µm, 30µm, 30µm; and 10µm, 45µm, 45µm respectively. It was expected that the
designed dimensions of the surface geometries and the mediate hydrophobic
property of COC would allow the droplets to have a wider range of wetting
phenomena on the various micro-directional grooved surfaces in different
directions, as illustrated in Figure 5.1(b). All the COC sheets used in the
experiment were prepared by plastic injection molding. During the UPRM process,
both the COC and PMMA sheets, of size 20mm × 20mm × 5mm, were machined
to fabricate the micro-directional grooved surfaces based on the cutting conditions
shown in Table 5.1. After the cutting process, ultra-sonic vibration was applied to
clean any contamination from the sample surfaces in a water bath.

(a)
Spindle

Step
distance
Included
angle

Uncut
area
y
Swing
z distance

b
x

Faceted
diamond
cutting tool

(b)

Feed
direction

Raster
direction

Orthogonal
direction in

Parallel direction
in observation
w

s
h

Sample

β

Figure 5.1 Schematic diagrams of (a) cutting geometry of UPRM, and (b) microperiodic grooved surface.
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Table 5.1 Cutting conditions.
Conditions

Details

Diamond tool

Single-crystal diamond

Tool type
Included angle
Spindle speed
Depth of cut

Facet tool (5µm and 14µm width)
30°
4,000rpm
4µm

Swing distance
Feed rate
Step distance
Cutting strategy

30.665mm
100mm/min
0.05mm in vertical cutting strategy
Horizontal and vertical cutting

Cutting environment

Lubricant off

Table 5.2 Measurement data of the surface geometries on micro-directional
grooved surfaces.
Design

Design

Design

Measured

Measured

Measured

Measured

depth,

width,

spacing,

depth, h

width, w

spacing, s

angle, β

h (µm)

w (µm)

s (µm)

(µm)

(µm)

(µm)

(°)

COC

10

15

15

9.9

15.2

14.7

73.8

COC

10

30

30

9.9

30.3

29.9

73.5

COC

10

45

45

10.2

45.5

45.1

75.3

PMMA

9

15

5

9.8

15.2

5.1

74.8

PMMA

9

45

5

8.3

45.4

4.9

74.6

Material

5.2.2 Micro-directional Grooved Surface Topography
After fabrication of the micro-directional grooved surfaces, their surface
topographies were captured by a white light interferometer (Zygo Nexview), with
20x magnification, and a scanning electron microscope (Hitachi TM3000), with
500x magnification, as shown in Figure 5.2. It was found that the depth (h), width
(w) and spacing (s) of the grooves on three COC samples were around 10µm, 15µm,
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15µm; 8µm, 30µm, 30µm; and 8µm, 45µm, 45µm respectively. The inclined angle
of the side walls of the ridges on all samples was around 75°. The deviation
between each designed and measured dimension and the angle of the side walls
were within ±1µm and ±1.5° respectively, as shown in Table 5.2.

(a)

(b)

(c)

Figure 5.2 Surface topographies and SEM images of the directional grooved COC
surfaces with (a) 15µm, (b) 30µm, and (c) 45µm groove width and spacing.
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5.3 Results and Discussion
5.3.1 Observation of Droplet Contact Line
Various possible droplet wetting states on the micro-directional grooved
surfaces in the cross sectional view are illustrated in Figure 5.3. In order to
investigate the anisotropic wetting behavior on micro-directional grooved surfaces,
the droplet contour and contact line were observed from the top by 5x and 20x
magnification respectively, using an optical microscope objective lens
synchronized with a computer after a 5µl deionized water droplet was gently
deposited onto the sample by a micro-syringe. Both the droplet contour and the
contact line illustrate the interaction between the droplet and the surface geometry
which can indicate the wetting behavior of droplets on micro-directional grooved
surfaces.
(a)

(b)
Liquid

Liquid

θ
Solid

Air

Solid

(c)

(d)
Liquid

Liquid

θ
Solid

θ

Solid

Air

Air

Figure 5.3 Schematic illustrations of a droplet (a) completely wetting in the
Wenzel regime, (b) partially wetting, (c) contacting the side wall of the grooves,
and (d) pinned at the top of the ridges in the Cassie and Baxter regime on microdirectional grooved surfaces.
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Figure 5.4 shows the droplet contour and contact line on different microdirectional grooved surfaces. Various wetting phenomena were observed. It is
known that the wetting transition can be triggered by external force or pressure,
such as squeezing (Yao et al., 2010), vibration (Bormashenko et al., 2007), or
impact (Bartolo et al., 2006). Thus, the various wetting phenomena could be
caused by the squeezing of the droplet by the syringe or light vibration of the
sample stage during the measurement. The droplet contact line is the magnification
of the red-circled region of the droplet contour. Different arrows (see the remarks
on Figure 5.4) represent different assumptions on the droplet wetting states.
On the 15µm grooved surface, there are two different wetting phenomena, as
shown in Figure 5.4(a) and 5.4(b). The droplet anisotropy shows that the shape of
the droplet in Figure 5.4(a) is more rectangular than that in Figure 5.4(b), since the
droplet may freely advance and elongate in the parallel direction after its
deposition (Zhao and Law, 2012; Cheng et al., 2016). Figure 5.4(a) shows that the
droplet contact line of the outer contour, indicated by the red diamond end arrows,
becomes “sawtoothed”, right angled within the grooves. These imply that the
droplet may have completely penetrated and wetted the bottom of the grooves on
the sample surface, as illustrated in Figure 5.3(a).
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(a) w = 15µm, s = 15µm

(b) w = 15µm, s = 15µm

(c) w = 30µm, s = 30µm

(d) w = 30µm, s = 30µm

(e) w = 45µm, s = 45µm

(f) w =45µm, s = 45µm

Remarks:

Pin at the top of ridge (blue straight end arrow)
Contact with the side wall of ridge (purple dot end arrow)
Reach the bottom of groove (red diamond end arrow)
Reach the bottom of groove but still advancing (black arrow end arrow)

Figure 5.4 Images (left) and assumptions (right) of various droplet wetting states
on droplet contact lines on micro-directional grooved COC surfaces.
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This wetting transition to the Wenzel state may be triggered by the squeezing
of the droplet by the syringe during its deposition (Yao et al., 2010). Thus, it results
in a similar elongation to a droplet on a polymer coated micro-grooved PDMS in
the literature (Tanaka et al., 2013). On the other hand, the shape of the droplet
contour in Figure 5.4(b) is more circular. As indicated by the blue straight end
arrows and the red diamond end arrows, part of the contact lines follows the
contour of a regular ellipse but others become “sawtoothed” at right angles, as
illustrated in Figure 5.4(a). These imply that part of the contact lines may be stably
suspended on the grooves as the droplet is pinned at the top of the ridges on the
near sides, whereas others may have completely penetrated and wetted the bottom
of the grooves, as illustrated in Figure 5.3(b). This result is similar to the partial
wetting phenomenon on the micro-grooved aluminum surface shown in the
literature (Sommers and Jacobi, 2008).On both the 30µm and 45µm grooved
surfaces, there are two different wetting phenomena, as shown in Figure 5.4(c),
5.4(d), 5.4(e) and 5.4(f) respectively. From observation of the droplet contact line
in Figure 5.4(c) and 5.4(e), the droplet contour become “sawtoothed”, with obtuse
angles of the contact line indicated by black arrow end arrows. These imply that
the droplet may start to contact the side walls of the grooves after its deposition
and having reached the bottom of the grooves, as illustrated in Figure 5.3(a). This
120

Chapter 5 Characterization of Intermediate Wetting States and Anisotropic Sliding on
Micro-directional Grooved Surfaces

result is similar to the simulation result in the literature which showed a noncircular shape of the contact line on a micro-grooved surface that completely
wetted the surface but had not yet reached the lowest surface energy in its
equilibrium (Chen et al., 2005).
On the other hand, the droplet contours shown in Figure 5.4(d) and 5.4(f) are
more circular. The contact lines in the regions indicated by blue straight end arrows
are very smooth and follow the contour of a regular ellipse, whereas the contact
lines indicated by purple dot end arrows show a small contact with the side walls
of the grooves. These imply that the droplet may be stably suspended on the
grooves as the droplet is mostly pinned at the top of ridges on both sides, as
illustrated in Figure 5.3(d). However, some parts of the droplet make contact with
the side walls of the grooves, as illustrated in Figure 5.3(c). Thus, the contact line
shown in Figure 5.4(d) stably forms a solid-liquid-air interface which is governed
by the Cassie and Baxter regime, as illustrated in Figure 5.3(d) resulting in a
similar droplet contour on a bare micro-grooved PDMS which is under composite
wetting state in the literature (Tanaka et al., 2013). In addition, the contact line
indicated by purple dot end arrows, as shown in Figure 5.4(f), makes contact with
the side walls of the grooves. This wetting phenomenon is similar to a reported
computational result using the minimum energy path method. The water droplet
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on some individual grooves was in an unstable wetting state and contacting the
side walls of the grooves (Bartolo et al., 2006).
To validate the assumption of the contact line under complete wetting shown
in Figure 5.4(a), 5.4(c) and 5.4(e), droplet contact lines on two micro-directional
grooved PMMA, with a smaller value of groove spacing (s=5µm), were observed.
This narrow groove spacing is to ensure that the droplets completely wet the
bottom of the grooves on these two surfaces, with less support by the ridges, in a
hydrophilic material. It is found that the wetting phenomena shown in Figure 5.5(a)
and 5.5(b) are the same as the wetting phenomena shown in Figure 5.4(a), 5.4(c)
and 5.4(e) respectively. These show that the droplet contact lines shown in Figure
5.4(a), 5.4(c) and 5.4(e) completely wet the micro-grooved COC surfaces, which
is similar to both the simulation and experimental results in the literature (Chen et
al., 2005; Kooij et al., 2012).

(a) w = 15μm, s = 5μm

(b) w = 45μm, s = 5μm

Figure 5.5 Wetting phenomena of droplet contact lines on micro-directional
grooved PMMA surfaces.
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In order to further identify the wetting phenomena, investigations of the
anisotropic wetting behavior on micro-directional grooved COC surfaces,
including variation of the static contact angle against droplet deposition time, and
comparison of the measured static contact angle with the Wenzel and the Cassie
and Baxter model, were conducted. After identification of the various wetting
states, the influence of the intermediate wetting states on sliding performance of
water droplet was determined.

5.3.2 Plot of Static Contact Angle against Droplet Deposition Time
To further identify the wetting states on the droplet contact line, the static
contact angle of a deionized water droplet, of approximate volume 5µl, using the
sessile method, was plotted against the droplet deposition time. The change of the
static contact angle can be observed using a Sindatek model 100SB goniometer,
which consists of a camera, a computer-controlled automatic liquid deposition unit,
a computer-controlled tilting stage, and computer-based image-processing
software called Magic Droplet. The angle was found by the computer software by
determining the tangent line at the contact points optically, with a deterministic
error of ±0.1°. Figure 5.6 shows the representative static contact angle, θ, plotted
against the droplet deposition time on different samples in the parallel direction,
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θ‖ and in the orthogonal direction, θ⊥ as shown in Figure 5.1(b).
As illustrated in the graphs of Figure 5.6(a), the local static contact angle of
the droplets on the 15µm grooved surface in the parallel direction, θ‖, keeps
decreasing and becomes stable 10s to 15s after the droplet deposition, and reaches
91.3° and 106.2° respectively. This means that the droplets tend to an equilibrium
state after 10s to 15s after droplet deposition on the sample surfaces. This may be
because the droplet, in the case of a static contact angle of 91.3°, may reach the
bottom of the grooves and advance along the grooves but is opposed by the friction
of the side walls under a metastable state due to the relatively narrow groove width
(i.e. 15µm), as shown in Figure 5.2(a). Thus, the droplet needs 10s to reaches a
relatively stable equilibrium state, as illustrated in Figure 5.3(a). This is consistent
with other findings in the literature which showed that the droplet has not yet
reached its ground energy level during the wetting transition to the Wenzel regime
in equilibrium but completely wetted the bottom of the grooves (Chen et al., 2005;
Pashos et al., 2015).
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Figure 5.6 Representative static contact angles, θ potted against the droplet deposition
time on the sample surface with (a) 15µm, (b) 30µm, (c) 45µm groove width and spacing
in the parallel direction (left) and the orthogonal direction (right).
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The droplet, in the case of a static contact angle of 106.2°, needs 15s to
reach a relatively stable equilibrium state. This may be because parts of the droplet
reach the bottom of the grooves but other parts are pinned at the top of the ridges.
In other words, the droplet may partially wet the surface, as illustrated in Figure
5.3(b). Thus, the droplet needs a relatively longer time (15s) to reach an
equilibrium state and results in a relatively high static contact angle (106.2°).
This experimental result is consistent with other findings in the literature which
showed that the droplet partially wetted the grooved surface (Sommers and
Jacobi, 2008).
The local static contact angle of the droplet on the 30µm grooved surface in
the parallel direction, θ‖, becomes instantly stable (within 1s) after deposition and
reaches 90.1° and 116.8° respectively, as shown in Figure 5.6(b). This means that
the droplet tends to an equilibrium state within a very short time. This may be
because the droplet, in the case of a static contact angle of 90.1°, reaches the
bottom of the grooves, as shown in Figure 5.3(a). A wider groove width (30µm)
provides more spacing for the droplet to freely advance within the grooves,
compared with the 15µm grooved surface. Thus, the droplet reaches its ground
energy level within a shorter time. This is different from the droplet in the case of
a static contact angle of 91.3° on the 15µm grooved surface that needs around
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10s to reaches a relatively stable equilibrium state. The droplet in the case of a
static contact angle of 116.8° becomes steady instantly (within 1s). Based on the
relatively high measured value of the static contact angle, this implies that the
droplet is pinned at the top of the ridges on the grooved surface once it is deposited,
following the Cassie and Baxter regime, as illustrated in Figure 5.3(d). This
experimental result is consistent with other findings in the literature which showed
that the static contact angle of the droplet on a grooved polystyrene surface in the
parallel direction followed the Cassie and Baxter regime (Zhang and Low, 2007).
The local droplet on the 45µm grooved surface in the parallel direction, θ‖,
becomes stable after deposition and reaches 89.9° and 110.2° respectively as
shown in Figure 5.6(c). The static contact angle of 89.9° is similar to that of the
30µm grooved surface of 91.3° possibly caused by both droplets being under
complete wetting. The static contact angle of 110.2° on the 45µm grooved surface
is lower than that in the 116.8° case for the 30µm grooved surface. This implies
that some parts of the droplet on the 45µm grooved surface may contact the side
walls of the grooves, as indicated in Figure 5.4(f). This results in a decrease of the
static contact angle since the area fraction of the projected wet area increases.
All the static contact angles on the various sample surfaces in the orthogonal
direction, θ⊥, become instantly steady after deposition on the 15µm, 30µm and
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45µm grooved surfaces. This shows that the energy barrier induced by the pinning
effect from the sharp edge of the ridges stabilizes the droplet spreading in the
orthogonal direction, regardless of the droplet state (the Wenzel regime, the Cassie
and Baxter regime, droplet contact with the side walls of the grooves, or partial
wetting) (Cheng et al., 2016; Neuhaus et al., 2012).
In summary, the results from the plots of static contact angle, θ, against the
deposition time of a droplet on the micro-grooved surface in the parallel direction
are in agreement with the various wetting states characterized from observation of
the droplet contact line, and provide more detailed information on anisotropic
wetting behaviour. However, it is limited to identifying the droplet wetting state in
the orthogonal direction due to the pinning effect induced by the sharp edges of
the ridges.

5.3.3 Comparison with the Theoretical Models
A comparison between the average static contact angle from the experiments
and the models were made to further identify the various wetting states on the
droplet contact line. Wenzel developed a model (1936) to describe a droplet on a
rough surface in a completely wetted homogeneous state, with a solid-liquid
interface, as illustrated in Figure 5.3(a). To apply this equation for predicting the
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static contact angle on a rough surface, the surface should be completely wetted
by the droplet and reach its ground energy level after the wetting transition. The
static contact angle of a droplet in the Wenzel regime, θW, can be calculated as
follows:
cos θW = r cos θ Y

(5-1)

where r is the roughness ratio on the rough surface, and θY is the static contact
angle of a droplet on a flat surface.
Cassie and Baxter (1944) modified the Wenzel model to describe a droplet on
a heterogeneous surface with a solid-liquid-air interface, as illustrated in Figure
5.3(d). The area fraction of the projected wet area should be defined clearly. If a
droplet is under partial wetting or contacting the side walls of the grooves on the
sample surface, as illustrated in Figure 5.3(b) and 5.3(c) respectively, it will lead
to a discrepancy in the prediction by the model. The static contact angle of a
droplet in the Cassie and Baxter regime, θCB, can be calculated as follows:
cosθ CB = R f f cos θ Y + f − 1

(5-2)

where f is the area fraction of the projected wet area, and Rf is the roughness ratio
on the wet area. The roughness ratio Rf on the wetting area of the top asperities on
all the micro-directional grooved surfaces is assumed to be 1 in Eq. 5-2, since the
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top and the edge of the ridges of the samples fabricated by UPRM are relatively
smooth and sharp, as shown in the topographies in Figure 5.2.
Table 5.3 summarizes the average static contact angles of the water droplets
on various COC fabricated surfaces, including a flat COC surface machined by a
Moore Nanotech 350FG single point diamond turning machine in two directions,
as illustrated in Figure 5.1, 20s after deposition of the droplet by a goniometer.
Each reported data is an average of six to eight independent measurements, with a
standard deviation of ±2. The static contact angle of the flat surface is about 88.3°,
which is consistent with the findings of previous studies (Jena, et al., 2012).
Figure 5.7 illustrates the images of sessile water droplets on a COC flat
surface and different micro-directional grooved COC surfaces, captured in the
parallel and the orthogonal directions. Isotropic and anisotropic wetting behaviour
can also be observed in the water droplets on the flat surface and the microdirectional grooved surfaces respectively. The droplets on a flat surface machined
by ultra-precision diamond turning are circular in shape, from the top view, as
shown in Figure 5.7(a). The shape of the droplets under the Cassie and Baxter state
or when contacting the side walls of the grooves on the 30µm and 45µm grooved

surface are nearly circular, whereas the shape of the droplets on other microdirectional grooved surfaces under the Wenzel regime or partial wetting are more
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elliptical. The droplet in the Wenzel state on the 15µm grooved surface is even
rectangular in shape. This means that the surface geometry parameters not only
control the anisotropy of the droplet shape and wetting direction, but the droplet
wetting states on the sample surface also affect it.

Table 5.3 Deionized water contact angle data on micro-directional grooved
COC surfaces.
Surface
geometries

Observation
direction

Average static
contact angle, θ

Parallel

θ‖ = 88.6°±2.0
θ⊥ = 143.2°±1.2

θCB

θW

Sliding
angle, α

(w, s)
15µm
30µm
45µm
Flat

Orthogonal
Parallel
Orthogonal
Parallel
Orthogonal
-

θ‖ = 113.6°±2.1
θ⊥ = 145.9°±1.8
θ‖ = 108.9°±1.6
θ⊥ = 145.9°±1.5
θ = 88.3°±1.9

119.0° 87.5°

Not slide

119.0°
119.0°
119.0°
119.0°

87.5°
87.9°
87.9°
88.0°

Not slide

119.0° 88.0°
-

Not slide
Not slide

α‖ = 35°
Not slide

α‖ = 24°

The average static contact angle of the droplets at 101.0° and 93.9° on the 15µm
and 45µm grooved surface respectively in the parallel direction, as shown in Figure
5.7(b) and 5.7(d), are not even close to the values predicted by the Wenzel model
(87.5°/88.0°) and the Cassie and Baxter model (119.0°). These may be caused by
the droplet, in the case of a static contact angle of 101.0°, being under partial
wetting, and the droplet in the case of a static contact angle of 93.9° completely
wets the grooves but has not yet reached its ground energy level on the contact line
during the wetting transition to the Wenzel state (Chen et al., 2005; Pashos et al.,
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2015). Thus, the complete wetting state of the droplet further decreases the static
contact angle of the droplet when compared with the one under partial wetting,
since the area fraction of the projected wet area (f value) in Eq. 5-2 increases. Some
researchers have also reported this deviation of the static contact angle predicted
by the Wenzel equation (Tanaka et al., 2013; Erbil and Cansoy, 2009; Gao and
McCarthy, 2009; Gao and McCarthy, 2007). Although the droplet reaches the
bottom of the grooves, the droplet contact line opposed by the friction on the
grooved surface can still advance very slowly, and the contact area therefore does
not reflect the ground state of energy of the contact line during the transition from
the Cassie and Baxter state to the Wenzel state (Murakami et al., 2014). This
explains why the droplet, under a complete wetting state, has a higher static contact
angle compared to the one predicted by the Wenzel model.
In the cases of the average static contact angles of the droplets of 88.6° and
88.1°on the 15µm and 45µm grooved surface respectively, in the parallel direction,
as shown in Figure 5.7(b) and 5.7(c) , the angles 88.6° and 88.1° were nearly equal
to the values predicted by the Wenzel model (87.5°/88.0°), as shown in Figure 5.8.
This proves that the droplet reaches the bottom of the grooves and has reached
its ground energy level on the contact line during the wetting transition to
the Wenzel state.
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(a) Flat
θ‖ = 88.3°

θ = 87.5°
⊥

(b) w = 15µm, s = 15µm
θ‖ = 88.6°

θ = 143.2°

θ‖ = 101.0°

θ = 142.8°

⊥

⊥

(c) w = 30µm, s = 30µm
θ‖ = 88.1°

θ = 142.5°

θ‖ = 113.6°

θ = 145.9°

⊥

⊥

(d) w = 45µm, s = 45µm
θ‖ = 93.9°

θ⊥ = 142.6°

θ‖ = 108.9°

θ = 145.9°
⊥

Figure 5.7 Images and schematics of a water droplet in contact with (a) flat COC
surface, (b) 15µm, (c) 30µm, (d) 45µm groove width and spacing of directional
grooved COC surfaces captured from side and top views.
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Figure 5.8 Comparison of the static contact angles of water measured on grooved
COC surfaces in the parallel and orthogonal direction to the Wenzel model as well
as the Cassie and Baxter model.

In the cases of the average static contact angles of the droplets of 113.6° and
108.9°on the 30µm and 45µm grooved surface respectively, in the parallel
direction, as shown in Figure 5.7(c) and 5.7(d) , 113.6° is close to the calculated
values from the Cassie and Baxter model (119°) as shown in Figure 5.8. Similar
to the finding reported in the literature, the droplets are governed by the Cassie
and Baxter regime (Zhang and Low, 2007). However, 108.9° deviates from the
calculated values from the Cassie and Baxter model (119°). This may be caused
by part of the droplet on the 45µm grooved COC surface, as shown in Figure 5.7(d)
making contact with the side walls of the grooves, as indicated by the purple
arrows in Figure 5.4(f). This results in a decrease in the static contact angle since
the area fraction of the projected wet area (f value) in Eq. 5-2 increases.
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All the static contact angles of the droplets on micro-directional grooved
surfaces in the orthogonal direction, θ⊥, are approximately 145° which is far away
from the values calculated from the Wenzel model or the Cassie and Baxter model,
as shown in the bar chart in Figure 5.8. It was reported that neither the Wenzel
equation nor the Cassie and Baxter equation can describe the weak dependency of
the static contact angle of a droplet in the orthogonal direction in regard to the
periodicity of the micro-patterns on both bare and sP(EO-stat-PO)-coated PDMS
substrates in various surface geometries (Zhao et al., 2011). It is known that a
potential free-energy barrier is formed on a groove, and induces the pinning of the
fluid at the edge of the solid strips which results in the high static contact angle in
the orthogonal direction, θ⊥ (Chen et al., 2005; Zhao and Law, 2012; Cheng et al.,
2016). More importantly, both the results from the change of static contact
angle against its deposition time, and the comparison of the average static
contact angle with the theoretical models provide evidence that the
characterization method by the droplet contact line can successfully identify
various wetting states, including the intermediate wetting states.
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5.3.4 Anisotropic Sliding Behavior
The sliding angle is one of the major measures to quantify the performance
of droplet mobility on sample surfaces (Lv et al., 2010; Miwa et al., 2000).
Anisotropic sliding behavior of water droplets was studied on various microdirectional grooved COC surfaces under the same area fraction of the projected
wet area. The sliding test is aimed at showing the influence of the
intermediate wetting states under partial wetting and droplet contact with the
side walls of the grooves on the sliding performance of water droplets on
micro-directional grooved surfaces. This can also enable investigation of the
effect of micro-directional grooved COC surfaces with different groove widths and
spacing, but under the same area fraction of the projected wet area to the
anisotropic sliding performance. The sliding angle measurement was
conducted by tilting the sample stage at a constant rate of 1°/s with a 10µl
deionized water droplet on the sample surface. The sliding angle is defined
as the minimum angle at which the advancing and receding contact lines of
the droplet start to move or slide from the original position.
Figure 5.9 shows snapshots of a 10µl droplet captured on flat and microgrooved COC surfaces with 15µm, 30µm and 45µm groove widths and spacing
respectively, during the tilting process in the parallel direction. In order to identify
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the wetting states of various droplets before the sliding angle measurement, the
static contact angles and the droplet contact lines on various micro-grooved
surfaces were measured and observed. It was found that the static contact angles
on different samples when α‖ = 0°, as shown in Figure 5.9, are almost equal to
89°, 102°, 113°, and 109°, which are consistent with the findings shown in
Figure 5.7. From observation of the droplet contact lines, the wetting states of
the droplets on the micro-grooved COC surfaces with 15µm, 30µm and 45µm
groove widths and spacing are under complete wetting, partial wetting, the Cassie
and Baxter regime, and contacting the side walls of the grooves respectively.
The experimental data show that the water droplet under a complete wetting
state on the 15µm grooved COC surface only advanced but did not recede, even
when tilted upright, as shown in Figure 5.9(b). The reason is that the droplet on
the grooved surface forms a solid-liquid interface which greatly increases the
contact area between the droplet and the sample surface when compared with the
flat COC surface shown in Figure 5.9(a). Thus, the gravitational force acting on
the droplet cannot overcome the adhesion force between the droplet and the sample
surface on the receding contact line during tilting. This leads to the droplet being
elongated due to advancing only, but is still stuck on the sample surface even when
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tilted upright which is similar to that on the flat COC surface shown in Figure
5.9(a).

(a) α‖ = 0°

α‖ = 20°

α‖ = 45°

α‖ = 70°

α‖ = 90°

(b) α‖ = 0°

α‖ = 20°

α‖ = 45°

α‖ = 70°

α‖ = 90°

(c) α‖ = 0°

α‖ = 20°

α‖ = 45°

α‖ = 70°

α‖ = 90°

(d) α‖ = 0°

α‖ = 20°

α‖ = 35°
α‖ = 49°
α‖ = 48°
Sliding
Rolled off
Sliding

(e) α‖ = 0°

α‖ = 20°

α‖ = 24°
α‖ = 29°
α‖ = 28°
Sliding
Rolled off
Sliding

Figure 5.9 Snapshots of a water droplet (a) under complete wetting on the
flat surface, (b) under complete wetting on the 15µm grooved surface, (c)
under partial wetting on the 15µm grooved surface, (d) under the CassieBaxter state on the 30µm grooved surface, and (e) contacting the side walls of
the 45µm grooved surface during the sliding measurement in the parallel
direction.
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Regarding the droplet under partial wetting on the 15µm grooved COC
surface, the droplet advanced and receded very slowly when tilted upright but still
stuck to the sample surface, as shown in Figure 5.9(c). The reason is that, although
parts of the droplet contact lines are pinned at the top of the ridge as indicated by
the blue straight end arrows and form solid-liquid-air interfaces, other droplet
contact lines completely wet the bottom of the grooves as indicated by the red
diamond end arrows and form solid-liquid interfaces. Thus, the gravitational
force acting on the droplets during the tilting process still cannot overcome the
resultant adhesion force between the droplet and the sample surface. This results
in the droplet just being elongated on the grooved surface, even when tilted upright.
Figure 5.10 provides evidence that the droplet under a partial wetting state on the
15µm grooved COC surface still remained its partial wetting state, and water stains
were left in some grooves behind the receding contact line on the sample surface,
after being tilted upright.
In respect to the droplet under the Cassie and Baxter regime on the 30µm
grooved surface and the droplet in contact with the side walls of the grooves on
the 45µm grooved surface, the droplet on the 30µm grooved surface slid at 35° and
rolled off at 49°, as shown in Figure 5.9(d), and the droplet on the 45µm grooved
surface slid at 24° and rolled off at 29°, as shown in Figure 5.9(e). These imply
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that the droplets governed by the Cassie and Baxter regime or contacting the side
walls of the grooves on the 30µm and 45µm grooved surfaces did not collapse
during the tilting, sliding and roll-off processes. It is believed that the wetting state
of a droplet is a dominant factor in determining the droplet sliding ability on microdirectional grooved surfaces (Bormashenko, 2015; Bhushan and Jung, 2011;
Bhushan et al., 2009). Therefore, both the droplet contact lines under a composite
wetting state still remain solid-liquid-air interfaces during the tilting process. The
composite wetting state greatly reduces the contact area and the adhesion force
between the droplets and the sample surface, and result in the droplet sliding and
rolling off from the surfaces.

(a)

(b)

Water
stain

Figure 5.10 Receding contact lines of a droplet under partial wetting state
after tilting a 90 degree on the 15µm grooved COC surface in (a) 5x
magnification, and (b) 20x magnification.
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Nevertheless, the experimental data indicate that the sliding angle of a water
droplet on the 45µm grooved surface (i.e. α‖ = 24°) is lower than that of the 30µm
grooved surface (i.e. α‖ = 35°) along the groove axes, as shown in Figure 5.9. This
reveals that the area fraction of the projected wet area, the f value, may not be the
key factor affecting the sliding angle of a droplet on micro-directional grooved
surfaces, as the f value of both samples are the same (i.e. 50%) but, rather, the
groove width and spacing is the key factor. Friction is believed to be the major
obstacle to droplet mobility on rough surfaces (Cheng et al., 2016; Lv et al., 2010;
Nosonovsky, 2007). In this case, wider groove widths and spacing in a geometric
design may decrease the friction of the grooved surface along the grooves’ axes
per unit area, resulting in a lower sliding angle of the droplet.
Interestingly, droplets on 30µm and 45µm grooved surfaces experience
different sliding durations. The droplets on the 30µm grooved surfaces keep
sliding when the tilting angle increases from 35° to 48°, within 13s, and then roll
off at 49°. On the other hand, droplets on the 45µm grooved surfaces keep sliding
when the tilting angle increases from 24° to 28°, within 4s, and then roll off at 29°.
This implies that a water droplet on a wider groove width and spacing requires a
shorter duration and a lower tilting angle to slide and roll off from the surface. As
mentioned in a previous study, the sliding mechanism of a water droplet on the
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micro-grooved surfaces in the parallel direction results in a continuous wetting and
dewetting process at the droplet contact lines (Cheng et al., 2016). A wider groove
width and spacing may decrease the friction acting on the droplet by the
continuous ridges in the parallel direction during sliding. This leads to the droplet
requiring less energy to overcome the barrier induced by the friction under the
composite wetting state, sliding more easily on a wider groove width and spacing
under the same area fraction of the projected wet area. More importantly, all of
these show that, besides the Cassie and Baxter state, a droplet contacting the side
walls of the grooves is still a favorable wetting state for anisotropic sliding on the
micro-grooved surfaces, whereas partial wetting state represents the sliding
boundary of micro-grooved surfaces.

5.4 Summary
A characterization method for droplet wetting states, significantly affecting
sliding performance on hydrophobic surfaces, has been proposed from
observations of the droplet contact lines on micro-directional grooved surfaces
fabricated by UPRM. This characterization method is capable of identifying
intermediate wetting states including partial wetting and droplets contacting the
side walls of the grooves from the Cassie and Baxter state, which all have solid-
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liquid-air interfaces, but it is difficult to use traditional verification methods for
identification. By studying the droplet anisotropy, variation of the static contact
angle against droplet deposition time, and comparison with the static contact angle
predicted from the Wenzel and the Cassie and Baxter models, various wetting
states characterized by the droplet contact lines, including partial wetting, droplet
contact with the side walls of the grooves, complete wetting, and the Cassie and
Baxter regime have been verified. The experimental results from anisotropic
sliding measurement show that the partial wetting state is the sliding boundary of
the micro-grooved surfaces, whereas a droplet contacting the side walls of the
grooves is still a favorable wetting state for anisotropic sliding on the microdirectional grooved surfaces. It is also interesting to note that the groove width and
spacing are key factors, resulting in different sliding angles and durations before
roll-off from surfaces with the same area fraction of projected wet area (50%) in
the parallel direction of the anisotropic sliding measurement. More significantly,
it is believed that this research broadens understanding of the characterization of
droplet wetting states, and identifies the sliding conditions of the immediate
wetting states on the micro-grooved surfaces, which have huge potential in
applications in microfluidic devices, such as artificial self-cleaning surfaces.
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Chapter 6 Anisotropic Wetting of Micro-Micro
Hierarchical Structures Fabricated by Ultraprecision Machining

6.1 Introduction
This chapter discusses the anisotropic wetting of bare micro-micro
hierarchical structured surfaces fabricated by highly controllable one-step
mechanical machining methods. Single layer microstructures such as micro-pillars
and micro-grooves can achieve high static contact angles on both hydrophobic and
hydrophilic materials. It has also been shown that micro-directional grooved
surfaces can achieve good sliding performance (Cheng et al., 2016). However, the
stability of the droplet composite wetting state on the surfaces may be a problem,
since wetting transition can be triggered by external force or pressure, such as
squeezing (Yao et al., 2010), vibration (Jung and Bhushan, 2009; Bormashenko et
al., 2007), or impact (Jung and Bhushan, 2009; Bartolo et al., 2006). To increase
the stability of the composite wetting state, scientists have tried to fabricate multilayer structures, such as micro-nano (Rukosuyev et al., 2014; Shao et al., 2014;
Guo et al., 2014; Radha et al., 2013; Li et al., 2013; Ebert and Bhushan, 2012;
Feng et al., 2011; Kim et al., 2011; Boreyko et al., 2011; Bhushan et al., 2009) and
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micro-micro hierarchical structured surfaces (Chu et al., 2014; Kang et al., 2013;
Huovinen et al., 2012;Yang and Jiang, 2010; Zhang and Low, 2007) using various
fabrication methods. It was reported that the stability of the droplet composite
wetting state on micro-nano hierarchical structured surfaces increases compared
with that on the single layer micro-pillar surface, due to the increase of the energy
barrier for the wetting transition. However, most of the manufacturing processes
are complicated in chemical treatment, time-consuming, not suitable for
fabricating large surfaces, or only applicable to engineering materials such as
metals, semiconductors, and alloys but are limited for plastics. Thus, there are very
few methods that can be used to manufacture micro-nano or micro-micro
hierarchical structured surfaces for mass production.
Mechanical machining would be one of the best solutions to fabricate bare
hydrophobic micro-micro hierarchical structured surfaces with good sliding
performance and stable composite wetting state for mass production, due to
numerical control of machine tool path during the material removal process.
Motivated by this, the present study aims to investigate the anisotropic wetting of
micro-micro hierarchical structured surfaces fabricated by different ultra-precision
machining methods in terms of measurement of the static contact angle, contact
line, and sliding angle of the water droplet.
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6.2 Regular Micro-Micro Hierarchical Structures Fabricated by
UPRM
This section describes the wetting characteristics of regular micro-micro
hierarchical structures fabricated by ultra-precision raster milling (UPRM).

6.2.1 Experimental Setup
Single-point diamond turning (SPDT) was employed to cut sample surfaces
at the same level initially in a Nanoform 200 machine for preparing flat sample
surfaces. This avoids the occurrence of varying depths of micro-micro hierarchical
structures on a large area of the sample surface due to incorrect levels of different
samples when machining the hierarchical structures. After the preparation, a
Precitech Freeform 705G (Precitech Inc., USA) 5-axes CNC UPRM machine was
used to generate the hierarchical structured surfaces on the sample surfaces, which
were attached by a specially designed fixture. During the machining process, a
single crystal diamond faceted cutting tool with 30° included angle and 14.0µm
width of tool tip was selected and fixed to the spindle with a certain swing distance
(Cheng et al., 2016). All the cutting conditions of UPRM, including spindle speed,
depth of cut, swing distance, feed rate, step distance, and cutting environment are
shown in Table 6.1. The workpiece material for this study was cyclic olefin
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copolymer (Topas COC, 5013SL-01) which is copolymerized from norbornene
and ethylene with a metallocene catalyst. All the 20mm x 20mm COC sheets used
in the experiment were prepared by plastic injection molding from the raw material.

Table 6.1 Cutting conditions.
Conditions

Details

Tool type
Included angle

Single-crystal diamond facet tool (14.0µm Width)
30°

Spindle speed
Depth of cut
Swing radius

4,000rpm
Last depth of cut in 4µm
30.665mm

Feed rate
Step distance
Cutting strategy
Cutting environment

100mm/min
0.05mm in vertical cutting strategy
Horizontal and vertical cutting
Lubricant off

6.2.2

Fabrication of Regular Micro-Micro Hierarchical Structures
After consideration of the cutting efficiency and surface quality, a micro-

directional grooved surface of 10µm depth, 45µm width, 45µm spacing, and a 75°
angle were fabricated by tool path planning for surface generation. Due to the
dimensional differences between the geometries of the grooves and the cutting tool,
and to protect the diamond cutting tool from wear, different numbers of cutting
cycles were used to generate an individual groove. Figure 6.1(a) shows a schematic
diagram of each groove that was machined in four cycles by a faceted diamond
tool. The depth of the rough-cut in cycle 1 and 2 was over 10µm, whereas the depth
147

Chapter 6 Anisotropic Wetting of Micro-Micro Hierarchical Structures Fabricated
by Ultra-precision Machining

of finish cut in cycle 3 and 4 was 4µm.

(a)

(b)
Spindle
Included
angle

Cutting
tool tip
1

3
4

2
x
b
y
b

(c)
Start
point

z

Step
distance

Step
distance

Micro-directional grooved
surface

Single crystal
diamond faceted
cutting tool

Swing
distance

Raster
direction

(d)

Feed
direction
Start
point

(e)

Feed
direction
Start
point

Step
distance

Step
distance

Raster
direction

Feed
direction

Micro-pillar surface

Raster
direction

Sample

y
z
x

Feed
direction

Start
point

Micro-micro hierarchical
G-G surface

Raster
direction

Micro-micro hierarchical
G-P surface

Figure 6.1 (a) Cutting geometry of UPRM, and the tool path design of surface
generation in (b) micro-grooved surfaces, (c) micro-pillar surface, (d) micro-micro
hierarchical G-G surface, (e) micro-micro hierarchical G-P surface by UPRM.

To fabricate the micro-grooved surfaces, the unidirectional retreat method
was employed to generate grooves on the whole single-point diamond turned
sample surface by the horizontal cutting strategy shown in Figure 6.1(b). After the
generation of the whole micro-grooved surface on the sample, vertical cutting with
a step distance of 0.05mm was then employed to mill the whole sample surface by
moving the cutting tool up with a specific value on the z-axis.
For the generation of the micro-pillar surfaces, a horizontal cutting strategy
using a unidirectional retreat method was employed to first generate grooves in
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one direction as illustrated in Figure 6.1(b). After generation of the whole microgrooved surface on the sample, the fixture was then rotated 90° along the z-axis,
as shown in Figure 6.1(c). A horizontal cutting strategy using a unidirectional
retreat method was employed to generate grooves perpendicular to the previous
direction. The combination of the generated micro-grooves perpendicular to each
direction forms a micro-pillar surface. Vertical cutting with a step distance of
0.05mm was then employed to mill the whole sample surface by moving the
cutting tool up a specific amount along the z-axis.
Regarding the fabrication of the micro-micro hierarchical groove-groove (GG) surface as shown in Figure 6.1(d), a horizontal cutting strategy using a
unidirectional retreat method was employed to generate grooves at the top of the
micro-grooved surface, after the generation of the micro-grooved surface, as
shown in Figure 6.1(b).
With regard to the fabrication of the micro-micro hierarchical groove-pillar
(G-P) surface shown in Figure 6.1(e), a horizontal cutting strategy using a
unidirectional retreat method was employed to generate grooves at the top of the
micro-micro hierarchical groove-groove (G-G) surface as shown in Figure 6.1(d),
after the fixture was rotated 90° along the z-axis. It is known that cutting conditions
and machine tool characteristics are major factors affecting the surface generation
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in UPRM. Therefore, surface quality evaluation is necessary and it is discussed in
the next section.

6.2.3

Surface Topography Measurement
To measure the geometrical parameters of the micro-patterned surfaces

machined in the experiment, a white light interferometer (Zygo Nexview) was
employed to capture the surface topographies. The system applied a non-contact
method to measure surface roughness, step height and angle of slope with a vertical
resolution in the nanometric range. Figure 6.2 shows the surface height maps and
cross sectional view of the machined surfaces with 20x magnification. It is found
that the deviation between the designed and the measured dimension of microgrooved and pillar surfaces are within ±2µm, as listed in Table 6.2.
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(a)

(b)

(c)

(d)

(e)
Figure 6.2 Surface topographies of (a) micro-grooves, (b) micro-pillars, (c) micromicro hierarchical G-G structure I, (d) micro-micro hierarchical G-G structure II,
and (e) micro-micro hierarchical G-P structures fabricated by UPRM. (Remarks:
G-G = Groove-Groove, G-P = Groove-Pillar)
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Table 6.2 Measured geometrical parameters of micro-patterned COC surfaces.
Surface structure

Lower

Upper

Depth,

Width,

Spacing,

Depth,

Width,

Spacing,

Measured

h (µm)

w (µm)

s (µm)

h’ (µm)

w’ (µm)

s’ (µm)

angle, β (°)

Micro-grooves

12.5

45.5

44.2

-

-

-

75.2

Micro-pillars

12.5

45.5

45.1

-

-

-

74.9

Micro-micro

9.9

44.2

45.1

4

15.2

15.2

75.1

10.8

45.5

45.1

3.4

10

7~12

75.1

10.0

44.7

45.5

4.4

10~12

7~10

74.3

hierarchical G-G
structure I
Micro-micro
hierarchical G-G
structure II
Micro-micro
hierarchical G-P
structure

6.2.4

Results and Discussion
In order to investigate the anisotropic wetting of micro-micro hierarchical

surfaces fabricated by UPRM, the static contact angles of water droplets have been
measured by the sessile drop method. The images of the water droplets on various
sample surfaces captured by camera from the side view are presented in Figure 6.3.
Each reported data point of the static contact angle is the average of six to eight
independent measurements on a deionized water droplet of approximately 5µl, as
shown in Table 6.3.
After the generation of hierarchical micro-grooves on the spacing between
the micro-directional grooved surface by UPRM, the static contact angle of the
water droplet increased from 108.9° to 123.6° in the orthogonal direction on
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micro-micro hierarchical G-G structure I, as shown in Figure 6.3(a) and 6.3(c).
This reveals that the droplet freely advances on the micro-micro hierarchical ridges
in the parallel direction, but is restricted by the periodic hierarchical ridges that
induce an energy barrier in the orthogonal direction (Zhao and Law, 2012;
Neuhaus et al., 2012). As a result, the average static contact angle of the water
droplet further increases from 145.9° to 152.0° in the orthogonal direction.

(a) θ⊥ = 145.9°±1.8

θ‖ = 108.9°±1.6

(c) θ⊥ = 152.0°±0.5 θ‖= 123.6°±2.2

(b) θ⊥= 137.8°±1.6 θ‖ = 138.1°±2.0

(d) θ⊥= 153.6°±1.0 θ‖ = 130.2°±2.1

(e) θ⊥ = 142.5°±2.0 θ‖ = 145.2°±1.0

Figure 6.3 Static contact angles of 5µl water droplets on (a) micro-grooves, (b)
micro-pillars, (c) micro-micro hierarchical G-G structure I, (d) micro-micro
hierarchical G-G structure II, and (e) micro-micro hierarchical G-P structure.
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Table 6.3 Wetting performance of the micro-patterned COC surfaces.
Surface structure

Static contact angle

Sliding angle, α

Roll-off angle, ξ

Flat

88.6°±2.0

Not slide

Stuck

Micro-grooves

θ⊥ = 145.9°±1.8

α‖ = 24°

ξ‖ = 29°

Not slide

Stuck

α‖ = 24°

ξ‖ = 28°

α‖ = 24°

ξ‖ = 28°

Not slide

Stuck

θ‖ = 108.9°±1.6
Micro-pillars

θ⊥ = 137.8°±1.6
θ‖ = 138.1°±2.0

Micro-micro hierarchical
G-G structure I

θ⊥ = 152.0°±0.5
θ‖ = 123.6°±2.2

Micro-micro hierarchical
G-G structure II

θ⊥ = 153.6°±1.0
θ‖ = 130.2°±2.1

Micro-micro hierarchical
G-P structure

θ⊥ = 142.5°±2.0
θ‖ = 145.4°±1.0

Among the two samples of the micro-micro hierarchical G-G structures,
structure II gives a higher static contact angle of 130.2° in the parallel direction
than that of 123.6° on structure I, and similar static contact angles of 152.0° and
153.6° in the orthogonal direction, as shown in Figure 6.3(c) and 6.3(d). This
reveals that the static contact angle further increases after adding more grooves in
the top asperities of the micro-micro hierarchical structures. This is due to the
contact area between the solid and liquid interface on structure II being less than
that on structure I when both droplets are under the Cassie and Baxter state.
According to the Cassie and Baxter model, the static contact angle increases when
the area fraction of the projected wet area decreases. The relatively high values of
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the static contact angles also imply that both droplets may stand at the top of the
micro-micro hierarchical structures. It is believed that the micro-grooves at the top
of the micro-micro hierarchical G-G structures are the dominant factor in the
wetting process.
In respect to the micro-micro hierarchical G-P structure, the static contact
angles in the parallel and orthogonal directions are similar (142.5° and 145.2°), as
shown in Figure 6.3(e). This implies that the droplet may be under the Cassie and
Baxter, the same as the droplet on the micro-pillars shown in Figure 6.3(b). When
the droplet is under the Cassie and Baxter regime, it stands at the top of the micromicro hierarchical G-P surface. Thus, the spreading of the droplet after deposition
is restricted by the spacing between the micro-pillars in both the orthogonal and
parallel directions. All of these results for similar and higher static contact angles
(142.5° and 145.2°) are shown in Figure 6.3(e) when compared with those on the
micro-pillars (137.8° and 138.1°).
When the static angle measured on the micro-micro hierarchical G-P structure
is compared to that on the micro-micro hierarchical G-G structure II shown in
Figure 6.3(d), the static contact angle decreases from 153.6° to 142.5° and
increases from 130.2° to 145.2° in the orthogonal and parallel directions
respectively. This reveals that the droplet is restricted by the periodic hierarchical
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pillars on the micro-ridges that induce an energy barrier in both the orthogonal and
parallel directions. It is believed that the micro-pillars at the top of the micro-micro
hierarchical G-P structures are the dominant factor in the wetting process.
To investigate the droplet mobility on the sample surfaces, sliding angle
measurements were undertaken on a micro-grooved surface, a micro-pillar surface,
two micro-micro hierarchical G-G structures, and a micro-micro hierarchical G-P
structure. The sliding behaviour of a water droplet on a sample surface is among
the fundamental aspects of wettability (Lv et al., 2010; Miwa et al., 2000). The
sliding angle is defined as the angle at which the droplet starts to move on the
sample. During the sliding angle measurement, a 10µl water droplet was firstly
deposited on the sample surface on a computer-controlled tilting stage in the
horizontal position. The tilting angle was then increased until the droplet rolled off
the surface. Figure 6.4 shows snapshots of the videos that recorded the sliding
angle measurement of various sample surfaces.
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(a)

α‖ = 0°

α‖ = 24°

(b)

α‖ = 0°

α‖ = 45°

α‖ = 90°

(c)

α‖ = 0°

α‖ = 24°

α‖ = 28°

Sliding

α‖ = 29°

Sliding

(d)

α‖ = 0°

α‖ = 45°

Roll off

Roll off

α‖ = 90°

Figure 6.4 Sliding performance of water droplets on (a) micro-grooved surface,
(b) micro-pillar surface, (c) micro-micro hierarchical G-G structure, and (d) micromicro hierarchical G-P surface.

In the sliding angle measurement of the micro-micro hierarchical G-G
structure, the 10µl water droplet started to slide at 24° and rolled-off at 28° in the
parallel direction, as shown in Figure 6.4(c). Although the micro-micro
hierarchical G-G structure gives a higher static contact angle than that of the
micro-grooved surface, the sliding performance is nearly the same as that of the
micro-grooved surface, as shown in Figure 6.4(a). The reason may be that the
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water droplet in a composite wetting state on the micro-micro hierarchical G-G
structure also experiences a continuous wetting and dewetting process which is
related to the inertial mass of the droplet when sliding on the continuous
hierarchical ridges or micro-ridges in the parallel direction.
Although the micro-micro hierarchical G-P structure gives a higher static
contact angle than that of the micro-pillar surface, the water droplet on the micromicro hierarchical G-P structure did not slide even at a 90° tilting angle, as shown
in Figure 6.4(d). The sliding performance is the same as that of the micro-pillar
surface shown in Figure 6.4(b). This can be explained by the sliding mechanism
of a water droplet on micro-pillar surfaces. The explanation can also be applied to
that on the micro-micro hierarchical G-P structure when the droplet is under a
composite wetting state. The discontinuous advancement of the droplet caused by
the spacing between the pillars induces an energy barrier which prevents the
droplet sliding on the inclined micro-pillar surface, even at a 90° tilting angle. One
of the edges of the hierarchical pillars may act as an opposing force on an inclined
surface in the sliding direction of the water droplet. This can greatly increase the
friction acting on the water droplet.

158

Chapter 6 Anisotropic Wetting of Micro-Micro Hierarchical Structures Fabricated
by Ultra-precision Machining

6.3 Irregular Micro-Micro Hierarchical Structures Fabricated
by EFCS
This section discusses the wetting characteristics of irregular micro-micro
hierarchical structures fabricated by the end-fly-cutting servo (EFCS) method and
compares it with that of regular micro-micro hierarchical structures fabricated by
UPRM in section 6.2.

6.3.1 Experimental Setup
Single-point diamond turning (SPDT) was employed at the beginning to cut
sample surfaces at the same level using a Nanoform 200 machine for preparing
flat sample surfaces. This avoids the occurrence of varying depths of micro-micro
hierarchical structures on a large area of the sample surface due to the incorrect
level of different samples in machining the hierarchical structures. After the
preparation, a Moore Nanotech 350FG 4-axes CNC SPDT machine was used to
generate the irregular hierarchical structured surfaces on the sample surfaces
which were attached by a specially designed fixture. During the machining process,
a single crystal diamond faceted cutting tool, with 30° included angle and 14.0µm
width of tool tip was selected and fixed to the spindle with a certain swing distance
(Cheng et al., 2016). All the cutting conditions of EFCS, including spindle speed,
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depth of cut, swing distance, feed rate, step distance, and cutting environment are
given in Table 4.1. The workpiece material used in this study was cyclic olefin
copolymer (Topas COC, 5013SL-01), copolymerized from norbornene and
ethylene with a metallocene catalyst. All the 20mm x 20mm COC sheets used in
the experiment were prepared by plastic injection molding from the raw material.

6.3.2 Fabrication of Irregular Micro-Micro Hierarchical Structures
After the consideration of feed rate, depth of cut, and spindle speed, EFCS,
as shown in Figure 6.5(a), was used to fabricated an irregular micro-micro
hierarchical G-G surface and an irregular micro-micro hierarchical G-P surface.
During the cutting process of the irregular micro-micro hierarchical G-G surface,
a vertical cutting mode, as shown in Figure 6.5(c), was used to generate the
hierarchical structures after the fabrication of the micro-grooved surfaces at the
PB position shown in Figure 6.5(b).
Regarding the fabrication of the irregular micro-micro hierarchical G-P
surface, a horizontal cutting mode was applied to generate the hierarchical pillars
at the PD position, as shown in Figure 6.5(b), after fabrication of the irregular
micro-micro hierarchical G-G surface.
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c

Figure 6.5 Configuration of (a) the EFCS system, (b) the cutting model, and (c)
the vertical cutting mode (Zhu et al., 2015).

6.3.3 Surface Topography Measurement
To measure the geometrical parameters of the irregular micro-patterned
surfaces machined from the experiment, a white light interferometer (Zygo
Nexview) was employed to capture the surface topographies. Figure 6.6 shows the
surface height maps and cross sectional view of the machined surfaces with 20x
magnification. Some irregular micro-grooves and micro-pillars were found at the
top of the micro-micro hierarchical G-G surface and the micro-micro hierarchical
G-P surface of approximate sizes 10µm groove depth, 45µm groove widths and
spacing.
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(a)

(b)

Fig. 6.6 Surface topographies of irregular (a) micro-micro hierarchical G-G
surface, and (b) micro-micro hierarchical G-P surface fabricated by end-flycutting-servo diamond machining.

6.3.4 Results and Discussion
In order to investigate the difference in anisotropic wetting between the
regular and irregular micro-micro hierarchical surfaces, the static contact angles
of the water droplets were measured by the sessile drop method. The images of
water droplets on two sample surfaces captured by camera from the side view are
presented in Figure 6.7. Each reported data point of the static contact angle is the
average of six to eight independent measurements on a deionized water droplet of
approximately 5µl.
The experimental data shows that the average static contact angles on the
irregular micro-micro hierarchical G-G surface are 151.1° and 106.9° in the
orthogonal and parallel directions respectively, as shown in Figure 6.7(a). This
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reveals that the droplet freely advances on the ridges in the parallel direction, but
is restricted by the periodic ridges that induce an energy barrier in the orthogonal
direction (Zhao and Law, 2012; Neuhaus et al., 2012). Compared to the irregular
micro-micro hierarchical G-G surface, the average static contact angles measured
on the irregular micro-micro hierarchical G-P surface increase from 106.9° to
137.6° in the parallel direction as shown in Figure 6.7(b). These finding imply that
the droplets are under the Cassie and Baxter state. This can be explained by the
hierarchical pillars on irregular micro-micro hierarchical G-P surface successfully
inducing an energy barrier to the spreading of the droplet after its deposition in
both the orthogonal and parallel directions. This results in the increases of the
average static contact angles in the two directions.

(a) θ⊥ = 151.1°±0.4 θǁ = 106.9°±2.0

(b) θ⊥= 150.5°±1.0 θǁ = 137.6°±1.5

Figure 6.7 Static contact angles of 5µl water droplets on irregular (a) micro-micro
hierarchical G-G surface, and (b) micro-micro hierarchical G-P surface.

Figure 6.8 shows the images of the wetting process and the contact area of
the solid-air-liquid interface of a water droplet with regular micro-micro
hierarchical G-G structures, and irregular micro-micro hierarchical G-G structures.
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(b)

(a)

Air pockets

Air pockets

Figure 6.8 The wetting process and the contact area of solid-air-liquid interface of
a water droplet with (a) regular micro-micro hierarchical G-G structure, and (b)
irregular micro-micro hierarchical G-G structure.

It was found that the contact area of the solid-air-liquid interface of a water
droplet with irregular micro-micro hierarchical G-G structures is less than that
with regular hierarchical G-G structures. This can be explained by the top
asperities of the upper grooves being relatively flat on regular micro-micro
hierarchical G-G structures, as shown in Figure 6.2(c) and 6.2(d). The relatively
flat area induces large support for the landing and wetting of the water droplet. On
the other hand, the sharp upper structures shown in Figure 6.6(a) on the irregular
micro-micro hierarchical G-G structures do not provide enough support to the
landing of the water droplet, thus inducing a higher energy barrier during the
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wetting process.
In the sliding angle measurement on the irregular micro-micro hierarchical
G-G structure, a 10µl water droplet started to slide at 44° and rolled-off at 45° in
the parallel direction, as shown in Figure 6.9(a). Compared with the irregular
micro-micro hierarchical G-P structure, the water droplet did not slide even at a
90° tilting angle, as shown in Figure 6.9 (b). This reveals that the water droplet
under the Cassie and Baxter regime still forms a solid-liquid-air interface with the
irregular micro-micro hierarchical G-G structure due to the sharp edge of the
ridges during the tilting process, as shown in Figure 6.6(a).

(a)

α‖ = 0°

α‖ = 44°

(b)

α‖ = 0°

α‖ = 45°

Sliding

α‖ = 45°

Rolled off

α‖ = 90°

Figure 6.9 Sliding performance of water droplets on irregular (a) micro-micro
hierarchical G-G surface, and (b) micro-micro hierarchical G-P surface.

The sliding mechanism of a water droplet on irregular micro-micro
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hierarchical G-G structures is completely different from that on irregular micromicro hierarchical G-P structures. A water droplet on the hierarchical G-P
structures experiences a discrete wetting and dewetting process at the advancing
and receding contact lines respectively, due to the spacing between the pillars. On
the other hand, a water droplet on the hierarchical G-G structures experiences a
continuous wetting and dewetting process which is related to the inertial mass of
the droplet when sliding on the continuous ridges in the parallel direction. Thus,
the discontinuous advancement of the droplet caused by the spacing between the
upper pillars induces an energy barrier prevents in the droplet sliding on the
inclined hierarchical G-P structures, even at a 90° tilting angle, whereas the water
droplet on the hierarchical G-G structure slides at an angle of 44° in the parallel
direction due to the free advancement of the droplet on the continuous ridges.

6.4 Multi-level Hierarchical Structures Fabricated by EFC
Motivated by the wetting performance of the irregular micro-micro
hierarchical G-G structures, micro-micro hierarchical G-G structures with single
and double patterns, as shown in Figure 6.10, are designed accordingly in order to
investigate the influence of multi-level structures on the wetting performance of
hierarchical G-G structures fabricated by end-fly-cutting (EFC).
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(a)
1st level
2nd level
3rd level

(b)
1st level
2nd level
3rd level
Pattern 1

Pattern 2

Figure 6.10 Schematic diagrams of the multi-level design of (a) hierarchical G-G
structure III with one pattern, and (b) hierarchical G-G structure IV with two
patterns.

6.4.1

Experimental Setup
Single-point diamond turning (SPDT) was employed at the beginning to cut

sample surfaces at the same level using a Nanoform 200 machine for preparing
flat sample surfaces. This avoids the occurrence of varying depths of micro-micro
hierarchical structures on a large area of the sample surface in machining the
hierarchical structures. After the preparation, a Moore Nanotech 350FG 4-axes
CNC SPDT machine was used to generate the micro-micro hierarchical structured
surfaces with multi-level design, as shown in Figure 6.10. During the machining
process, a single crystal diamond faceted cutting tool with 30° included angle and
12.0µm width of tool tip was selected and fixed to the spindle allowing a certain
swing distance (Cheng et al., 2016). All the cutting conditions of EFCS, including
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spindle speed, depth of cut, swing distance, feed rate, step distance, and cutting
environment are given in Table 4.1. The workpiece material for this study was
cyclic olefin copolymer (Topas COC, 5013SL-01) copolymerized from
norbornene and ethylene with a metallocene catalyst. All the 20mm x 20mm COC
sheets used in the experiment were prepared by plastic injection molding from the
raw material.

6.4.2

Fabrication of Multi-level Hierarchical Structures
Differing from the end-fly-cutting servo method, the workpiece and the

fixture were placed on the spindle of a Moore Nanotech 350FG machine during
the EFC process. A diamond cutting tool was mounted on a stationary tool holder
for EFC. After consideration of the cutting efficiency and surface quality, the
unidirectional retreat method was employed to generate two micro-micro
hierarchical G-G structures by movement of the spindle in the Y slide, as shown
in Figure 6.5. The main difference between two micro-micro hierarchical G-G
structures is that micro-micro hierarchical G-G structure III only consists of one
pattern on the whole surface, but micro-micro hierarchical G-G structure IV
consists of two patterns on the whole surface.
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6.4.3

Surface Topography Measurement
To measure the geometrical parameters of micro-micro hierarchical G-G

structures with multi-level design in the experiment, a white light interferometer
(Zygo Nexview) was employed to capture the surface topographies. Figure 6.11
shows the surface height maps and cross sectional view of the machined surfaces
with 20x magnification. It was found that multi-level hierarchical G-G structure
III with a single pattern and micro-micro hierarchical G-G structure IV with double
patterns, having approximately 10µm groove depths, 45µm groove widths and
spacing were successfully fabricated.

(a)

(b)

Figure 6.11 Surface topographies of the multi-level design of (a) hierarchical GG structure III with one pattern, and (b) hierarchical G-G structure IV with two
patterns fabricated by ultra-precision vertical cutting.

6.4.4

Results and Discussion
The static contact angles of the water droplets on two micro-micro
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hierarchical G-G structures were measured by the sessile drop method. Images of
the water droplets on various sample surfaces were captured by camera from the
side view, and are presented in Figure 6.12. Each reported data point of the static
contact angle is the average of six to eight independent measurements by a
deionized water droplet of approximately volume 5µl.
Compared to the irregular micro-micro hierarchical G-G surface, the average
static contact angles on micro-micro hierarchical G-G structure III with a single
pattern increases from 146.4° to 151.5°, and from 106.9° to 122.5° in the
orthogonal and parallel directions respectively, as shown in Figure 6.7(a) and
6.12(a). This implies that the multi-level design successfully enhances the static
contact angle of micro-micro hierarchical G-G structures. This is because the
different height levels of the surface geometry of the hierarchical structures can
reduce the contact area of the solid-liquid interface, reserving more buffers for air
pocket formation, as shown in Figure 6.13(a). Figure 6.12(c) shows that the contact
area between the water droplet and the structures are very small during the air
pocket formation.
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(a) θ⊥ = 151.5°±0.9 θǁ = 122.5°±1.2

(c)

(b) θ⊥= 158.7°±2.0 θǁ = 134.9°±1.9
Air pockets

Figure 6.12 Static contact angles of 5µl water droplets on the multi-level (a)
hierarchical G-G structure III with one pattern, and (b) hierarchical G-G structure
IV with two patterns, and (c) the air pockets formation between the water droplet
and the structures.

(a)

(b)

Figure 6.13 Wetting models on the multi-level of (a) hierarchical G-G structure
III with one pattern, and (b) hierarchical G-G structure IV with two patterns.

In respect to the micro-micro hierarchical G-G structure IV with two patterns,
the average static contact angles further increase to 158.7° and 134.9° in the
orthogonal and parallel directions respectively, as shown in Figure 6.12(b) when
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compared to the micro-micro hierarchical G-G structure III with a single pattern.
This implies that the double pattern design further enhance the static contact angle
of the water droplet when compared with the single pattern design. This can be
explained by the larger variation of the height levels of the hierarchical structures
further reducing the contact area of the solid-liquid interface, so as to reserve more
buffers to the air pocket formation, as shown in Figure 6.13(b). Applying the multilevel design of the hierarchical G-G structure with double patterns, the water static
contact angle can even reach 161.5°, which is the highest contact angle measured
in the whole study, as shown in Figure 6.14.
In order to identify the wetting states of the two micro-micro hierarchical GG structures with multi-level design, the droplet contact line were observed by an
optical microscope from the top view, as shown in Figure 6.15. It can be seen that
the water droplets are at the top of the two hierarchical G-G structures. This may
be due to the sharp edges induced by the machining process in the vertical cutting
of the hierarchical structures, which help stabilize deposition of the water droplets.
In other words, the sharp edges make the droplet sit at the top of the hierarchical
structures. This provides evidence that the droplet is governed by the Cassie and
Baxter regime, and forms a solid-liquid-air interface with the hierarchical
structures. More importantly, this is one of the essential requirements to achieve
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hydrophobic self-cleaning surfaces.

(a)

(b)

Figure 6.14 (a) Original image of a water droplet captured from the highest static
contact angle of 161.5° on a multi-level hierarchical G-G structure IV with two
patterns, and (b) the image of the water droplet after contour fitting by software.

(a)

(b)

Figure 6.15 Droplet contact lines on (a) micro-micro hierarchical G-G structure
III, and (b) micro-micro hierarchical G-G structure IV. (Remark: Left is focusing
on the droplet contact line; Right is focusing on the structures.)

In the sliding angle measurement of the multi-level hierarchical G-G structure
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III with a single pattern, a 10µl water droplet started to slide at 47° and rolled-off
at 74° in the parallel direction, as shown in Figure 6.16(a). The reason may be that
the aspect ratio of the hierarchical structures on micro-micro hierarchical G-G
structure III is not high enough, due to fabrication defects. This low aspect ratio of
the hierarchical structures decreases the stability of the droplet wetting state. Thus,
the droplet wetting state on multi-level hierarchical G-G structure III with a single
pattern may have transited from the Cassie and Baxter regime to the intermediate
wetting state during the tilting process.

(a)

α‖ = 0°

α‖ = 47°

α‖ = 74°
Sliding

(b)

α‖ = 0°

α‖ = 27°

Sliding

Roll off

α‖ = 34°

Roll off

Figure 6.16 Sliding performance of water droplets on the multi-level (a)
hierarchical G-G structure III with one pattern, and (b) hierarchical G-G structure
IV with two patterns.

Compared with multi-level hierarchical G-G structure IV with two patterns,
the droplet started to slide at 27° and rolled-off at 34° in the parallel direction, as
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shown in Figure 6.16(b). This is likely due to the relatively higher aspect ratio of
the hierarchical structures on the micro-micro hierarchical G-G structure IV, as
shown in Figure 6.11(b), that increases the stability of the droplet wetting state.
Thus, the water droplet under the Cassie and Baxter regime still forms a solidliquid-air interface with the micro-directional grooved surface due to the larger
variation of the height level of the hierarchical structures shown in Figure 6.16(b)
during the tilting process. More importantly, all of these show that the multi-level
design with a single pattern can enhance the static contact angle, whereas the
multi-level design with two patterns can increase the stability of the droplet
wetting state during the tilting process.

6.5 Summary
This chapter describes the anisotropic wetting of bare micro-micro
hierarchical structured surfaces including (i) regular micro-micro hierarchical
structures, (ii) irregular micro-micro hierarchical structures, and (iii) multi-level
hierarchical structures fabricated by highly controllable one-step mechanical
machining methods, including ultra-precision raster milling (UPRM), end-flycutting servo (EFCS), and end-fly-cutting (EFC), which are potentially applicable
for mass production in plastic injection molding. Due to the sharp edges induced
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by the numerical-controlled tool path of the material removal process in the
mechanical machining, the dimensions of the surface geometry of the micropatterned surfaces can be defined relatively accurately. By studying the static
contact angle, the interaction between the droplet contact line and micro-patterned
surfaces, it is found that the static contact angle of a water droplet can be enhanced
to over 150° after adding hierarchical structures on the micro-grooved surfaces.
The contact area of the solid-air-liquid interface can be reduced by using irregular
micro-micro hierarchical G-G structures fabricated by EFCS, when compared with
regular micro-micro hierarchical G-G structures fabricated by UPRM. This is
because the irregular hierarchical structures do not provide enough support to the
landing of the water droplet and induce a higher energy barrier during the wetting
process. In addition, applying the multi-level design of a hierarchical G-G
structure with two patterns can further enhance the water static contact angle to
161.5°, since the larger variation of the height levels of the hierarchical structures
can reduce the contact area of the solid-liquid interface, thereby reserving more
buffers to the air pocket formation when compared with the regular and irregular
micro-micro hierarchical G-G structures. The experimental results from the sliding
angle measurements show that regular micro-micro hierarchical G-G structure,
irregular micro-micro hierarchical G-G surface, and the multi-level hierarchical
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G-G structure with two patterns give good sliding performance. This is important
for potential applications in microfluidic systems, such as artificial self-cleaning
surfaces for mass production in plastic injection molding.
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Chapter 7
Conclusions and Suggestions for Future Work

7.1 Overall Conclusions
Microstructures in nature, such as lotus leaves and butterfly wings, have
micro-patterned surfaces that possess hydrophobic properties. These hydrophobic
surfaces have enormous potential in applications on artificial self-cleaning
surfaces, such as the next generation of vehicle windshields, exterior paint for
buildings and solar panels, due to their extreme water repellence. Recent studies
have focused on the fabrication of hydrophobic micro-patterned surfaces using a
variety of methods. Most of the present manufacturing processes are complicated
in chemical treatment, time-consuming, not suitable for fabricating large surfaces,
do not consider the optical performance, or are only applicable to engineering
materials such as metals, semiconductors and alloys, but are limited in regard to
plastics. There are very few one-step manufacturing methods capable of
fabricating bare hydrophobic micro-patterned surfaces with good sliding
performance and optical performance that are suitable for mass production.
It has also become clear that the existence of air under a droplet governed by
the Cassie and Baxter state on a hydrophobic micro-patterned surface is an
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essential element in achieving self-cleaning properties. However, traditionally,
verification of the droplet wetting state was only capable of identifying complete
and composite wetting states but could not identify intermediate wetting states.
These limitations in the characterization of the droplet wetting state further lead to
an incomplete understanding of the influence of the intermediate wetting states on
the sliding performance of a water droplet on micro-directional grooved surfaces.
Highly controllable fabrication methods for bare micro-patterned surfaces
with good sliding and optical performance for mass production are proposed using
ultra-precision machining. Some major findings and conclusions can be
summarized as follows:
(i)

Optimization modeling of the surface geometry of biomimetic structures for
self-cleaning has been proposed based on an optical function and a wetting
model for fabricating micro-patterned surfaces by ultra-precision machining,
including micro-grooves and micro-pillars, considerating hydrophobicity
and optical performance. It is found that a composite wetting state can be
achieved when the dimensions of the surface geometry are within a critical
range. In addition, the transparency of the micro-patterns can be controlled
using ultra-precision raster milling. Structural parameters for self-cleaning
properties have been identified and provide an important guide for the
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development of advanced self-cleaning surfaces.
(ii)

The wetting characteristics of bare hydrophobic micro-patterned cyclic
olefin copolymer surfaces machined by a one-step fabrication method, ultraprecision raster milling (UPRM), which is potentially applicable for mass
production in plastic injection molding, have been studied. Due to the sharp
edges induced by the numerical-controlled tool path in the material removal
process in the mechanical machining, the area fraction of the projected wet
area on the micro-patterned surfaces can be defined accurately in the Cassie
and Baxter model. This results in the excellent agreement of the static
contact angle predicted by the models with the measured static contact angle
of water droplets from the experiment.

(iii) By studying the droplet anisotropy, and the interaction between the droplet
contact line and the micro-patterned surfaces, it is found that the water
droplet governed by the Cassie and Baxter regime is stabilized by the sharp
edges at the top asperities of the micro-grooves and micro-pillars after
deposition on the sample surfaces.
(iv) The experimental results from the contact angle hysteresis and sliding angle
measurements show that the micro-directional grooved surface gives good
sliding performance which is important for the potential applications in
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microfluidic systems, such as artificial self-cleaning surfaces for mass
production in plastic injection molding.
(v)

A characterization method for the droplet wetting state, significantly
affecting its sliding performance on hydrophobic surfaces, has been
proposed from observations of the droplet contact lines on micro-directional
grooved surfaces fabricated by UPRM. This characterization method is
capable of identifying intermediate wetting states, including partial wetting
and droplets contacting the side walls of the grooves, from the Cassie and
Baxter state all of which have solid-liquid-air interfaces, however it is
difficult to use traditional verification methods for identification.

(vi) The droplet anisotropy, the variation of the static contact angle against
droplet deposition time, and comparison with the static contact angle
predicted from the Wenzel and the Cassie and Baxter models have been
studied. The various wetting states characterized by the droplet contact lines,
including partial wetting, droplet contact with the side walls of the grooves,
complete wetting, and the Cassie and Baxter regime, have been verified.
(vii) The experimental results from anisotropic sliding measurement show that
the partial wetting state represents the sliding boundary of micro-grooved
surfaces, whereas droplets contacting the side walls of the grooves are still
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in a favorable wetting state for anisotropic sliding on micro-directional
grooved surfaces. This finding will enable more flexibility in the design of
advanced self-cleaning surfaces.
(viii) The groove width and spacing of micro-grooved surfaces are identified as
key factors, resulting in different sliding angles and durations before roll-off
from surfaces with the same area fraction of projected wet area (50%) in the
parallel direction to the anisotropic sliding measurement.
(ix) Bare micro-micro hierarchical structured surfaces with good sliding
performance have been successfully fabricated by a one-step fabrication
method, ultra-precision raster milling (UPRM). It is found that the static
contact angle of a water droplet can be enhanced to over 150° after adding
hierarchical structures on the micro-grooved surfaces.
(x)

The contact area of the solid-air-liquid interface can be reduced by using
irregular micro-micro hierarchical G-G structures fabricated by EFCS when
compared with regular micro-micro hierarchical G-G structures fabricated
by UPRM. This is because irregular hierarchical structures do not provide
enough support to the landing of the water droplet, and induce a higher
energy barrier during the wetting process.

(xi) Applying the multi-level design of a hierarchical G-G structure with two
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patterns can further enhance the water static contact angle to 161.5°, since
the larger variation of the height levels of the hierarchical structures can
reduce the contact area of the solid-liquid interface, thereby reserving more
buffers to the air pocket formation when compared with the regular and
irregular micro-micro hierarchical G-G structures.

This research enables highly controllable one-step fabrication methods for
bare micro-patterned surfaces with good sliding and optical performance, which
are important for potential applications in microfluidic systems, such as artificial
self-cleaning surfaces for mass production in plastic injection molding. The
established optimization model is able to estimate equilibrium performance
between hydrophobicity and optical performance for facilitating the development
of advanced self-cleaning surfaces. Applying the developed characterization
method for the droplet wetting state contributes to deeper insights into the
influence of intermediate wetting states to the sliding performance on micropatterned surfaces, and provides more flexibility for the design of advanced selfcleaning surfaces.
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7.2 Suggestions for Future Work
Although this thesis provides a comprehensive study of the wetting
characteristics of biomimetic structures for self-cleaning fabricated by ultraprecision machining and the characterization of droplet wetting states on micropatterned surfaces, and all the research objectives have been achieved, there are
still some related research areas that could be undertaken in the near future.
Suggestions for further work are as follows:
(i)

Study of the wetting characteristics and optical performance of micropatterned surfaces manufactured by injection molding for mass production
In the present study, highly controllable one-step fabrication methods of bare
micro-patterned surfaces with good sliding and optical performance are only
proposed using ultra-precision machining technologies which are able to
manufacture mould inserts for injection molding of the self-cleaning surfaces.
Although ultra-precision machining methods can directly fabricate micropatterned surfaces on materials, it would be valuable to study the wetting
characteristics and optical performance of micro-patterned surfaces with selfcleaning properties manufactured by injection molding for mass production.

(ii)

A model-based simulation system for illustrating the rolling and sliding
behavior of liquid on micro-patterned surfaces
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To have a better understanding and further develop self-cleaning surfaces, it
is necessary to study the fluid mechanics of the rolling and sliding behavior
of liquids on micro-patterned surfaces. Such study will help to construct a
complete theoretical model of the rolling and sliding behavior of a liquid on
a micro-patterned surface. This model will be able to define the boundary of
the rolling and sliding behavior of liquid in regard to self-cleaning properties.
(iii) Investigation of the feasibility of adding more optical functions onto the
developed optimization model for advanced self-cleaning surfaces
The optimization model is currently only able to estimate the equilibrium
performance between the hydrophobicity and transparency of micro-patterns
for advanced self-cleaning surfaces. By controlling different cutting
parameters, micro-patterns with various surface geometries for advanced
self-cleaning surfaces can be manufactured using ultra-precision machining.
More optical functions such as haze and anti-reflection can be considered to
add into the developed optimization model for advanced self-cleaning
surfaces. The modified model will facilitate the development of multifunctionally advanced self-cleaning surfaces with great potential for wider
applications in our lives.
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Appendix I Precitech Freeform 705G Ultra-precision Raster
Milling Machine
Precitech Freeform 705G, as shown in Figure I-1, is a 5-axes CNC ultraprecision machining system which is able to conduct three-dimensional
asymmetric freeform milling and grinding in X, Y, Z axes, and in two
rotational axes in B and C axes. It is able to be directly mill micro-structures
and freeform optical elements such as F-theta lenses and V-grooves with form
accuracy in sub-micrometre range, and surface roughness in nanometre range.
In addition, it consists of an optional grinding system for grinding optical
products made from non-ferrous materials such as ceramic and steels.

Figure I-1 Precitech Freeform 705G Ultra-precision raster milling machine.
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The key features and kinematics information of the UPRM machine are
summarized as follows:
– Sealed natural granite base protects the machine from contamination.
– Self-leveling dual chamber isolation system minimizes the influence of
vibration on the cutting process.
– Linear motor driven and the hydrostatic oil bearing slideways with advanced
stiffness characteristics contribute to the ultimate performance during the
cutting process.
– 8.6 or 1.4nm feedback resolution is for the improved velocity control.
– Slot-type thrust bearing spindle design is available up to 5000 rpm.
– Qnx ® real time OS is designed for the advanced programming capacity with
1.0nm programming resolution for increased throughput.
–

Rotational axes in operation and grinding spindles are available for the
advanced capabilities.

– Maximum feed rate can reach 1500mm/min.
– Slide Travel is 350mm, 150mm, and 250mm in X, Y, and Z respectively.
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Appendix II Hitachi TM3000 Scanning Electron Microscope
Hitachi TM3000, as shown in Figure II-1, is a tabletop scanning electron
microscope which can directly capture 2D images of non-conductive
specimens or samples containing moisture with over a range of magnification
from 15x to 30,000x in 30nm resolution. This wide magnification range
ensures maximum benefit from the depth-of-field and resolution advantages
of the electron microscopy. The image capture pixel count is 640 x 480 pixels
using “Quick Save” mode, and 1,280 x 960 pixels using “Save” mode.

Figure II-1 TM3000 Hitachi Electron Microscope.

TM3000 features a backscattered electron detector with four independent
segments. Different combinations of the independent segments enable the user
to emphasize compositional or topographic details in the image by using
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different modes including “Compo”, “Topo”, Shadow 1”, and “Shadow
2”.Coating of the specimen is not required for the TM3000 when using chargeup reduction mode with accelerating voltage of 5 or 15kV by a tungsten source.
This allows the user capture a clear image on insulating materials. Versatile
detector control and multiple beam conditions also improve the image quality.
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Appendix III Zygo NexviewTM 3D Optical Surface Profiler
Zygo NexviewTM, as shown in Figure III-1, is a 3D optical surface profiler
which is able to measure different kinds of surfaces from super-smooth to very
rough with a sub-nanometer range of precision using a non-contact
measurement method. Different types of measurement including flatness,
roughness, thin film, large steps and segments, and steep slopes can be
captured with feature heights ranging from less than 1nm up to 20000µm.

Figure III-1 Zygo NexviewTM 3D Optical Surface Profiler.
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The main features of Zygo NexviewTM are shown as follows:
– All types of surface including flatness, roughness, thin film, large steps
and segments, and steep slopes can be captured from super-smooth to
very rough.
– Its exceptional precision and repeatability in performance is highly
suitable for the most demanding production applications.
– The vibration tolerance technology gives a robust operation invirtually
any environment.
– Its surface measurement parameters fit the international standard of ISO
25178.
– The new graphical workflow software design provides more capability
and less training to the users.
– Streamlined design of the measurement system gives full automation and
no manual in controls to the users.
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Appendix IV Alicona IFM G4 3D Optical Surface Profiler
Alicona IFM G4, as shown in Figure IV-1, is a non-contact type three
dimensional optical surface profiler which is based on the principle of focusvariation to capture the surface topography in micro- and nano ranges. Both
the captured information of topography and color can be registered in true
color. It is able to measure various complex features in geometries such as
cutting edge radii, cutting angle, and steep flanks. Different modes including
“Profile Analysis”, “Area Analysis”, “Form Analysis”, “Volume Analysis”,
and “2D Image Analysis” can be selected to perform measurement based on
the different requirements in measurement. A polarizer is available for the
topography measurement of highly reflective samples.

Figure IV-1 Alicona IFM G4 3D Optical Surface Profiler.
The main features of Alicona IFM G4 are summarized as follows:
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– Up to 10mm in vertical resolution.
– Up to 2.5 mm per second in vertical measurement speeds
– Fast measurement due to the automation of measurement tasks via
scripting
– Capable to measure the roughness and form accuracy of the sample
surfaces.
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Appendix V Olympus BX40 Optical Microscope
The Olympus BX40 optical microscope, as shown in Figure V-1, consists
of objective lenses in 5x, 10x, 20x, 50x, and 100x magnification. The optical
microscope objective lens can be synchronized with a computer to capture real
time 2D images. The main function of the optical microscope in this study is
to observe the droplet contact lines on the sample surfaces from the top view.

Figure V-1 Olympus BX40 Optical Microscope.
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Appendix VI Sindatek Model 100SB Video-based Optical
Contact Angle Meter
Sindatek Model 100SB, as shown in Figure VI-1, is an video-based optical
goniometer which is able to measure static and dynamic contact angles of
droplets on sample surfaces using sessile, captive, and pendant drop methods.
It is generally used to analyze the wetting behaviour on solid surfaces, the
surface free energy of solids, and the interfacial tension from the drop shape.
The contact angle goniometer consists of three main units which are camera,
water pump, and sample stages. The size of the water droplet can be controlled
by the water pump automatically using the software named “Magic Droplet”.
A homogeneous LED back lighting electronics is used as a continuously
adjustable intensity for imaging.

Figure VI-1 Sindatek Model 100SB Video-based Optical Contact Angle
Meter.
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The main features of the contact angle goniometer are summarized as follows:
– The camera is high resolution 1280 x 1024 USB 2.0 with 60 fps speed.
– The sample stage is a standard size in 90mm x 90mm which can be
adjusted in X, Y, and Z directions.
– The maximum sample size is 18cm x 9cm (W x H).
– The range of contact angle measured is from 0 to 180° ± 0.1°.
– The range of surface and interfacial tension is 0.01 ~ 2,000 mN/m ± 0.05
mN/m.
– Automatic baseline detection can be selected.
– Video can be recorded with a rate of 15fps under a time setting for
dynamic study such as spreading, absorption, and reaction kinetics.
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