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Abstract 

In a surgical procedure, the medical devices come into contact with blood, 

which increases the risk of the formation of blood clots, also known as thrombi. 

Antimicrobial resistance is another pressing issue in the healthcare field. With the 

increasing consumption of antimicrobial drugs, the threat of antimicrobial resistance 

is rising, and the global dimensions of this trend have been increasingly recognised. 

Some new strategies that utilise superhydrophobicity or antimicrobial properties to 

medical devices have garnered more attention and interest. 

Superhydrophobic surfaces have attracted extensive attention over the past 

decade, primarily due to their self-cleaning, corrosion resistance, anti-icing and drag 

reduction abilities. The ability to reduce blood adhesion is one of the critical benefits 

of these types of surfaces. Nanosecond pulsed laser ablation is considered to be a 

promising technique for the industrial fabrication of superhydrophobic structures due 

to its high efficiency and low-cost. In this PhD thesis, nanosecond pulsed laser-based 

ablation technology was developed to manufacture functional surfaces that have 

superhydrophobicity or antimicrobial properties on AISI 316L stainless steel.  

To achieve that goal, a deterministic design method was developed to design 

the dimensions of the microstructures to be fabricated by laser ablation in order to 

maximise superhydrophobicity. Then computational fluid dynamics (CFD) simulation 

was conducted to explore the underlying mechanism of superhydrophobicity and 

predict the hydrophobicity of the designed structures. The simulation results proved 

that the substrates trapped a large volume of air with high pressure at the bottom of the 

structures, which is critical to achieving stable superhydrophobicity. Moreover, the 

superhydrophobic substrate has greater potential energy and kinetic energy in the 
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water droplet’s impacting process, which helps explain its self-cleaning and low-

adhesion properties.  

In the next step, the process and the product fingerprints are proposed for the 

first time to identify the correlations among the machining parameters, surface 

topography and functional performance (i.e. the contact angle of the laser ablated 

superhydrophobic surface on AISI 316L stainless steel) of the specimen. The 

dimensionless surface functional characterisation parameter Rhy (i.e. the average ratio 

of Rz to Rsm) has maximum values of Spearman and Kendall rank correlation 

coefficients with contact angle, which can be regarded as the product fingerprint. The 

laser pulse energy per unit area on the specimen (Is) represents the combined effect of 

the laser power, exposure time and pitch of the structure on the surface topography, 

and it is the best process fingerprint that can be used to control the product fingerprint 

Rhy. The threshold values of Rhy and Is are 0.41 and 536 J/mm2, respectively, ensuring 

the specimen’s superhydrophobicity (contact angle larger than 150°) in the laser 

ablation process. 

Finally, two new hybrid processes based on laser ablation were developed to 

manufacture functional surfaces with anisotropic superhydrophobicity and 

antimicrobial properties. First, a sequential process of laser ablation and chemical 

etching (LA-CE) was proposed to produce ratchet-like microstructures on AISI 316L 

stainless steel. The experimental investigation concluded that the direction of the 

microstructures is the same as the direction of the laser beam feed. Moreover, the 

droplet easily rolls off the surface in the laser beam feed direction; however, it is 

pinned tightly in the opposite direction. This study was the first to use a single-step 

fabrication approach (StruCoat) to develop the antimicrobial surfaces based on laser 
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ablation technology in order to generate the antimicrobial microstructures coated with 

silver nanoparticles (AgNPs) on AISI 316L stainless steel. The experimental results 

showed that silver nitrate with a molarity of 50 mmol at the laser power of 14 W, which 

resulted in AgNPs with a mean size of 480 nm, was the best processing condition for 

the chemical decomposition of silver nitrate micro drops. Furthermore, StruCoat 

helped increase the cooling rate of the substrate in the laser ablation process, resulting 

in a significant decrease in the material grain size (by 81%). Furthermore, 

antimicrobial efficacy testing also demonstrated the enhanced antimicrobial properties 

of StruCoat, with an 86.2% antimicrobial rate against Staphylococcus aureus, in 

comparison to the unmodified specimens. 
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Chapter 1    Introduction 

1.1 Background 

In a surgical procedure, the contact between surgical devices and blood 

increases the risk of forming blood clots or thrombi [1]. Similar problems exist in the 

operation of medical implants, like stents, catheters and tubing, due to platelet 

adhesion and activation [2]. Even worse, thrombosis formed after implantation can 

obstruct blood flow at the site of the implant and restrict downstream circulation. 

Furthermore, clots released from thrombi will flow with the bloodstream and occlude 

vessels. These problems will eventually lead to inflammation, ischemia, infarction, 

and irreversible tissue damage [1]. Hence, how to reduce the adhesion between blood 

and surgical tools or implants becomes an important research question. Many kinds of 

research have proven that blood platelet adhesion and activation can be controlled by 

modifying surface chemistry and texture [2,3]. Recently, a new strategy that employs 

superhydrophobicity on medical materials has attracted increased interest, particularly 

for its ability to reduce blood adhesion.  

The second pressing issue in the healthcare field is antimicrobial resistance. 

With the increased consumption of antimicrobial drugs, the threat of antimicrobial 

resistance has become an ever-increasing trend, and its global dimensions have been 

increasingly recognised. According to a report from the World Health Organization’s 

(WHO) new Global Antimicrobial Surveillance System (GLASS, 

https://www.who.int/glass/en/) in January 2018, widespread antimicrobial resistance 

occurs among 500,000 people with suspected bacterial infections across 22 countries 

[4]. Antimicrobial resistance is defined as a property of bacteria that confers the 
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capacity to inactivate or exclude antibiotics or as a mechanism that blocks the 

inhibitory or killing effects of antibiotics, leading to survival despite exposure to 

antimicrobials [5]. Thus, the overuse of antibiotics must be prevented. In addition, 

surgical site infection is another serious issue, and this refers to an infection that occurs 

after surgery in the part of the body where the operation took place [6]. Millions of 

people globally become infected after a surgical procedure in low- and middle-income 

nations [7]. Therefore, the increasing incidence of healthcare-associated infections and 

antibiotics overuse has demanded alternative strategies to reduce antibiotics 

consumption, such as developing medical devices that possess antimicrobial 

properties. 

Surfaces with a water contact angle higher than 150° are generally classified 

as superhydrophobic surfaces, and they have the ability to repel liquids, such as water 

and blood, due to low surface energy coatings and hierarchical micro/nano surface 

structures. Through evolution and natural selection, many kinds of plants and animals 

have developed superhydrophobicity, as seen in lotus leaves [8], rice leaves [9], 

butterfly wings [10] and water-strider legs [11]. Inspired by these natural surfaces, 

many kinds of artificial surfaces possess superhydrophobicity or antimicrobial 

properties that are fabricated by using numerous manufacturing processes. 

Furthermore, superhydrophobic surfaces have tremendous applications for self-

cleaning, corrosion protection, anti-icing and drag reduction, drug delivery and 

microfluidic devices. As shown in Figure 1.1 (a), the past decade has witnessed a 

significantly increased interest in the topic of superhydrophobic.  In 2018, more than 

1,500 articles were published in the superhydrophobic area. Among them, publications 
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in the field of laser-ablated superhydrophobic surfaces showed a significant increasing 

trend, and more than 100 articles were published in 2018 (Figure 1.1 (b)).  

 

(a) 

 

(b) 

Figure 1.1 Number of published articles per year: (a) keywords ‘superhydrophobic’; 

(b) keywords ‘superhydrophobic’ and ‘laser’— matched on 11th March 2019 in the 

ISI Web of Knowledge database. 
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AISI 316L stainless steel has been widely used for biomedical implants and 

surgical instruments, such as haemostat, surgical knives and dental devices. Therefore, 

it is meaningful to explore how to manufacture functional surfaces with 

superhydrophobicity and antimicrobial properties on AISI 316L stainless steel.  

Laser ablation is gradually becoming a common manufacturing technique in 

the industry due to its high productivity, low cost and contactless process for a variety 

of materials, including metals, ceramics and polymers. Usually, laser ablation refers 

to removing material with a pulsed laser. It utilizes laser beam energy to removing 

material from a solid surface. At low laser flux, the material is heated by the absorbed 

laser energy and evaporates or sublimates; At high laser flux, the material is typically 

converted to a plasma [12]. Specifically, nanosecond pulsed fibre lasers are ideal for 

industrial applications, such as ablation, marking and micro-machining. The global 

fibre lasers market will increase from $1.782 billion to $4.403 billion between 2017 

and 2025, with a compound average growth rate of 11.9% [13]. Therefore, nanosecond 

pulsed laser ablation has become an excellent candidate for the industrial-scale 

production of superhydrophobic and antimicrobial engineering surfaces on stainless 

steel. 

1.2 Aims and objectives 

This thesis aims to establish a deterministic design approach for 

superhydrophobic microstructures and cost-effective manufacturing processes to 

obtain functional surfaces possessing superhydrophobicity and antimicrobial 

properties on AISI 316L stainless steel. The thesis also aims to reveal the underlying 

mechanism of the superhydrophobic phenomenon for laser-structured surfaces. The 

principal objectives are: 
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1. To review the state-of-the-art design and manufacturing approaches for 

superhydrophobic and antimicrobial surfaces. Thus, knowledge gaps and research 

challenges can be determined. 

2. To develop a deterministic design method for laser-ablated microstructures 

to address the crucial design-for-manufacture (DFM) issue and to explore the 

underlying mechanism of the superhydrophobic phenomenon. 

3. To establish process and product fingerprints as critical measurable 

characteristics in determining the required surface topography and process parameters 

for superhydrophobic surfaces.  

4. To advance a new process for manufacturing nature-inspired anisotropic 

superhydrophobic structures.  

5. To develop a new innovative laser-based fabrication process for obtaining 

antimicrobial surfaces and for reducing the use of chemical agents. 

1.3 Chapter overviews 

The thesis is organised in eight chapters, as outlined in Figure 1.2. 

Chapter 1 explains the background of the thesis and the quantitative analysis 

of the published statistics based on bibliometrics to determine the aim and objectives 

of this research. 

Chapter 2 reviews the basic theory of wettability for different surfaces and 

state-of-the-art research on superhydrophobic and antimicrobial surfaces. 

Chapter 3 develops a deterministic design method for laser-ablated 

superhydrophobic structured surfaces. The chapter also explores the underlying 

mechanism of the superhydrophobic phenomenon by analysing the simulation results. 



6 

 

Chapter 4 presents the experimental setup and methodology for laser 

processing and the characterisation of superhydrophobic surfaces. This chapter also 

presents experimental validation results. 

Chapter 5 proposes the concepts of product and process fingerprints to 

determine the most effective process parameter and surface characterisation parameter 

that are sensitive to the hydrophobicity of the microstructured surface for the laser 

ablation process. 

Chapter 6 develops a sequential process of laser ablation and chemical etching 

(LA-CE) for manufacturing nature-inspired anisotropic superhydrophobic structures. 

Chapter 7 proposes an innovative StruCoat approach for the preparation of 

antimicrobial microstructures with AgNPs coatings in a single-step process. The 

hybrid fabrication approach combines laser ablation technology for micro-structuring, 

laser-assisted thermal decomposition and deposition for synthesising and coating 

AgNPs from silver nitrate (AgNO3) solution simultaneously. 

Chapter 8 summarises the study’s conclusions, contributions to the knowledge 

and recommendations for future works. 
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Figure 1.2 Structural outline of the thesis. 
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Chapter 2    Literature Review 

This chapter summarises the fundamental conception of wettability and state-

of-the-art superhydrophobic and antimicrobial surfaces. The chapter includes four 

sections: 1) wettability, 2) state-of-the-art superhydrophobic surface, 3) state-of-the-

art antimicrobial surface, 4) summary of the knowledge gaps and research challenges. 

2.1 Wettability 

Wettability of water is the capability of a water droplet to maintain contact with 

a solid substrate. It is affected by surface tension, surface topography and chemistry. 

2.1.1 Contact angle and sliding angle 

The contact angle is commonly employed to quantify the wettability of a solid 

substrate (i.e. how the water droplet will spread on it). As shown in Figure 2.1 (a), the 

contact angle θ is defined as the angle formed by a liquid at the three-phase boundary 

where a liquid, gas, and solid intersect [14]. For a smooth surface, the contact angle 

can be expressed by Young's equation using surface tensions between among solid, 

liquid and gas. Young’s  Equation is expressed as [15]. The inward attraction of 

molecules causes net attractive force pointing toward the liquid. And surface tension 

coefficient γ is the force per unit length at a boundary.  

 cos 𝜃 =
𝛾SG − 𝛾SL

𝛾LG
 (2-1) 

where 𝛾LG, 𝛾SG, 𝛾SL are the surface tensions coefficient at liquid/gas, solid/gas, and 

liquid/solid interfaces, respectively. For a determined material, its intrinsic contact 

angle can be calculated using Young's equation and measured by the contact angle on 

a smooth surface. 
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As shown in Figure 2.1 (b), sliding angle α is defined as the tilt angle between 

the substrate and the horizontal plane at which the liquid drop starts to slide off the 

solid surface. The advancing angle θADV and receding angle θREC can be determined in 

the measurement of sliding angle. θADV is measured at the front of the liquid droplet 

just before the droplet starts to slide. At the same time, θREC is measured at the back of 

the droplet.  

 

Figure 2.1 Conception of (a) contact angle and (b) sliding angle. 

2.1.2 Classification of wettability 

For a smooth surface, surface energy determines its contact angle. The water 

will not be able to wet the surface, and the surface tension will result in a high contact 

angle on a low energy surface as shown in Figure 2.2 (a). However, when the surface 

energy is high, the water droplet will tend to spread with a low contact angle, to create 

more interfacial surface hence to reduce surface energy as shown in Figure 2.2 (b). 

Four different types of wetting state are defined according to their water 

droplet’s contact angles. The superhydrophilic surface has a huge attraction to water, 

and its contact angle of water is smaller than 10° (Figure 2.2 (c)). The surface has a 

contact angle between 10° and 90° is classified as hydrophilic surface (Figure 2.2 (d)). 

Furthermore, the hydrophobic surface is defined as the surface with a contact angle 

higher than 90° but smaller than 150° (Figure 2.2 (e)). Typically, surfaces with a water 

α

θ

Substrate

γSG γSL

γLG

(a) (b)
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contact angle higher than 150° are classified as superhydrophobic surfaces (Figure 2.2 

(f)).  

          

(a)                                                        (b) 

     

(c)                                                        (d) 

       

(e)                                                       (f) 

Figure 2.2 (a) low surface energy, (b) high surface energy, (c) superhydrophilic, (d) 

hydrophilic, (e) hydrophobic and (f) superhydrophobic. 
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2.1.3 Wettability of rough surfaces 

In literature, two theoretical models have been developed to describe the 

wetting state of a droplet on a rough surface (i.e. the Wenzel and Cassie-Baxter 

models) [16,17].  

According to the Wenzel model, the droplet maintains contact with the 

structures and penetrates the asperities, and the solid-liquid contact area is increased 

as shown in Figure 2.3 (a). The contact angle θW is expressed as follows: 

 cos𝜃W = 𝑟cos𝜃 (2-2) 

 𝑟 =
actual surface area

planar area
 (2-3) 

where, r is the roughness factor, which defined as the ratio of the actual area of the 

solid surface to the planar area and is always greater than 1. θ is the intrinsic contact 

angle of the material. 

According to Equation 2-2, for the water droplet that has a Wenzel state on a 

rough surface, the contact angle will further decrease for hydrophilic materials, but 

increasing for hydrophobic materials. 

Alternatively, according to the Cassie-Baxter model, the droplet is not able to 

penetrate the microstructure spaces as shown in Figure 2.3 (b). Its static contact angle 

θCB is expressed as:  

 cos𝜃CB = −1 + 𝑓(1 + cos𝜃) (2-4) 

 𝑓 =
actual solid and liquid contact area

planar area
 (2-5) 

where f is the fraction of solid-liquid contact area to planar area. 



12 

 

According to Equation 2-4, for the water droplet that has a Cassie-Baxter state 

on a rough surface, smaller solid-liquid contact area will result in increased contact 

angle. 

 

 (a)                                              (b)  

Figure 2.3 Wetting state of water droplet: (a) Wenzel state; (b) Cassie-Baxter state. 

2.2 State-of-the-art of superhydrophobic surfaces 

2.2.1 Natural superhydrophobic surfaces 

Natural biological surfaces, such as lotus leaf, rice leaf, rose petal, dragonfly 

and butterfly wings have attracted so much attention over the last few decades. It is 

mainly due to their hydrophobicity that formed during long-time evolution and natural 

selection [18,19].  

The hydrophobicity of typical plant surfaces is listed in Table 2.1 [20–25]. For 

instance, the lotus leaves exhibit the unusual wetting characteristics of 

superhydrophobicity and self-cleaning property due to the hierarchical structures and 

the epicuticular wax on the surface. As shown in Figure 2.4 (a), the lotus leaves are 

textured with protrusions and valleys (3–10 μm) and wax tubules (70–100 nm) [19–

21]. The hierarchical structure of taro leaves is composed of elliptic protrusions of 10 

μm and nano-scale pins [21,22]. However, the contact angle significantly decreased 

Wenzel Model Cassie-Baxter Model
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when the wax melt. Hence, the nanoscopic wax on lotus leaves also plays an important 

role in hydrophobicity [26,27].  Like the lotus leaves, the rice leaves also possess 

hierarchical structures on its surface as shown in Figure 2.4 (b). The average diameter 

of protrusions is around 5–8 μm but distributed along the direction that parallels to the 

edge [20,21,24,28]. In addition, rice leaves are also covered with epicuticular wax and 

longitudinal grooves. As a result, the sliding angles are different in two directions as 

shown in Table 2.1. Thus, the collective effect of surface chemistry and hierarchical 

structures is crucial for the realisation of superhydrophobicity. Besides, purple 

setcreasea, plant leaves of perfoliate knotweed both have a water contact angle larger 

than 150° and a smaller sliding angle [21]. However, rose petal has a larger contact 

angle but a high adhesive force for water droplet [25].  

Table 2.1 Superhydrophobicity of nature plant surfaces. 

Name Contact angle (°) Sliding angle (°) 

India canna leaves 165° 4° 

Lotus leaves 161° 3° 

Taro leaves 159° 3° 

Rice leaves 157° 4° (along the direction that parallels to the 

edge), 12° (along the direction that 

perpendicular to the edge) 

Rose petal 152° Adhesion 
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(a) 

 

(b) 

Figure 2.4 The photos and SEM images: (a) lotus leaves; (b) rice leaves [19,21,28]. 

The superhydrophobicity also helps animals survive from the extreme natural 

environment. For instance, superhydrophobicity of insect wings helps to reduce the 

dust adhesion and to enhance their flight capability [18,24].  Wagner et al. investigated 

the surface structures and wettability of 97 insect wings and found that most of them 

possess superhydrophobic micro/nano structures (e.g. mayflies, dragonflies, 

stoneflies, lacewings, scorpionflies, alderflies, caddisflies, butterflies, moths and flies 

et al.) [29]. The hydrophobicity of typical insect wings or legs is listed in Table 2.2 
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[11,29,30]. The Papilio xuthus is a kind of butterfly, which has greater 

superhydrophobicity due to the layered cuticle on the wings as shown in Figure 2.5 (a) 

[30]. Micro/nano hierarchical architectures on the wings of Acrida cinerea help 

improve its superhydrophobicity, while the wing of Meimuna shows 

superhydrophobicity only due to its nano-scale denticles (Figure 2.5 (b) and (c)) [30]. 

Furthermore, Pantala flavescens and Orthetrum albistylum speciosum possess fractal 

structures on the wings. However, water strider’s legs rely on microseta and nanoscale 

grooved structures on the seta to realise its superhydrophobicity [11]. 

Table 2.2 Superhydrophobicity of animal surfaces. 

Name Contact angle (°) Microstructures 

Papilio xuthus  168° Layered cuticle 

Acrida cinerea 151° Micro/nano 

Meimuna opalifera 165° Nano-scale denticles 

Pantala flavescens  160° Fractal structures 

Orthetrum albistylum 

speciosum 

162° Fractal structures 

Water strider’s legs 167° Microseta  

 

   

(a)                                    (b)                                    (c) 

Figure 2.5 SEM images of the upper wing surfaces of insects: (a) Papilio xuthus; (b) 

Acrida cinerea; (c) Meimuna opalifera [30]. 

100 μm 10 μm 1 μm
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Additionally, some natural surfaces with anisotropic hydrophobicity can 

realise unidirectional droplet transportation, which has tremendous applications for 

drag reduction, drug delivery, and microfluidic devices [10,31–34]. The natural 

surface that possesses capabilities of transporting liquid directionally exists in rice 

leaves, spider silk, shorebird’s beak, butterfly wing, desert beetle, nepenthes peristome 

and cactus spine [35]. For example, on a butterfly wing, a water droplet will roll off 

along one direction with a small rolling angle while shows a pinned state along the 

opposite direction. The results show that the asymmetric microstructures of butterfly 

wings led to the unstable state of the water droplet and made it easily roll off along the 

radial direction away from the body [36]. Bixler et al. reported that butterfly wings 

possess unique surface properties that combine the anisotropic flow, 

superhydrophobicity and low adhesion force with water [28,31]. The author also found 

that aligned shingle-like scales in butterfly wings provide anisotropic flow leading to 

low drag, while microgrooves on its top offered superhydrophobicity and low adhesion 

properties [28]. The ryegrass leaf is another typical surface with the property of 

directional shedding-off of water, primarily due to their taper-ratchets in a periodic 

stripe-style array. Guo found that the reversible release and pinning of liquids at solid-

liquid interfaces in the process of drop moving is the underlying mechanism to achieve 

characteristic directional water shedding-off [36]. All the above phenomena rely on 

taper-ratchets that have an open apex angle and tilt up slightly, resulting in a gradient 

of retention at solid-liquid interfaces along the orientation of tips [36]. Therefore, 

directional microstructures are indispensable to realise anisotropic 

superhydrophobicity.  
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2.2.2 Artificial superhydrophobic surfaces: pattern design 

Artificial superhydrophobic surfaces, usually created by surface structuring or 

coating technology, have received tremendous attention in recent years [37–42]. 

Surface chemical composition and morphology are two critical factors in determining 

their hydrophobicity [43–45]. The surface chemical composition affects the intrinsic 

contact angle, which can be measured by a liquid droplet deposited on a smooth 

surface. However, in artificial or natural materials, the maximum intrinsic contact 

angle on a smooth surface is only approximately 120 ° [44,45]. For this reason, more 

and more structuring technologies have been developed for the fabrication of 

superhydrophobic surfaces. However, microstructure design is essential and critical to 

ensure the hydrophobicity of the specimen before the manufacturing process. 

Moreover, explore the underlying mechanism of the superhydrophobic phenomenon 

will help design the microstructures that can realise a higher contact angle (>150°).  

It was generally thought that water droplet should have a Cassie-Baxter state 

on the superhydrophobic substrate with microstructures. Michael and Bharat reviewed 

the theory of roughness-induced superhydrophobicity related with wetting transition, 

contact angle hysteresis and concluded that it is necessary to control microstructures 

at different scale levels to obtain superhydrophobicity like biological 

superhydrophobic surfaces [46]. Bharat’s research group also analysed the relationship 

between different patterns (e.g. periodic and surfaces with rectangular, 

hemispherically topped cylindrical, conical and pyramidal asperities and the random 

Gaussian height distribution as shown in Figure 2.6) and contact angle [47]. The 

following principles are beneficial for superhydrophobicity of substrate: (1) asperities 

should have a high aspect ratio to provide larger surface area; (2) sharp edges may 
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result in pinning of the triple line, and it should be avoided in the design of 

microstructures; (3) smaller separation distance will help improve the stabilization of 

the solid-liquid-air composite interface; (4) scale of asperities should be small enough 

compared to water droplet size; (5) hydrophobic coating to ensure the surface has an 

initial contact angle larger than 90° is essential for a hydrophilic material [47]. 

Herminghaus et al. found that self-affine profiles of microstructures result in a 

superhydrophobic state [48]. Liu et al. investigated the geometric condition and energy 

requirement of Cassie-Baxter state on the substrate with different patterns (e.g. open 

to air and air proof sinusoidal microstructures, periodic array of trapezoids, mushroom-

like microstructure) for achieving stable superhydrophobicity [49]. The authors 

reported that the approach to realise the superhydrophobic state on hydrophilic 

materials is not only limited to some particular topologies of the pillars or hairs on 

solid substrates like lotus leaves and lady’s mantle. Besides, another mechanism is that 

the air pockets were trapped in the airproof microstructures due to a negative Laplace 

pressure difference [49]. Anjishnu et al. reported the design of square pillars for the 

robust superhydrophobic surface for applications involving quasi-static liquid transfer 

[50]. The above theoretical analysis laid a good foundation for the design of 

superhydrophobic microstructures.  
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(a) 

 
(b) 

Figure 2.6 Schematics of various rough surfaces [47]. 
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In general, the constraints in the manufacturing process often narrow the design 

choices and hence drive design. Apart from the geometric condition and surface energy 

requirements, the possible manufacturing process for microstructures with the specific 

shapes should be considered. Accordingly, the typical geometries in the artificial 

textured superhydrophobic surface as listed in Table 2.3. The regular geometric 

patterns include cylindrical pillars [51–58], square pillars [59–64], conical pillars [65–

69],  hierarchical structures [70–74] and porous structures [75–79]. 

Table 2.3 Geometric patterns of superhydrophobic substrates. 

Researcher 

name 

Material Patterns Scale Contact 

angle (°) 

Picture 

Bhushan 

[51] 

Silicon Cylindrical 

pillars 

Diameter: 5μm; 

height: 10 μm； 

Pitch: 45 μm 

165° 

 

Liu [64] 304 

stainless 

steels 

Square 

pillars 

 Length: 200 

μm; pitch: 600 

μm; height: 400 

μm 

162.5° 

 

Han [65] Copper Conical 

pillars 

 Diameter: 

around 50 μm 

163° 

 

Wang [71] Cu/Ni−C

o alloy 

Hierarchical 

structures 

Height: around 4 

μm 

165.5° 

 

Yong [75] Single 

crystal 

n-type Si 

Porous 

structures 

Diameter of 

holes:6 μm 

Depth of holes: 

3 μm 

158° 
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2.2.3 Artificial superhydrophobic surfaces: numerical simulation 

Section 2.2.2 shows that the research about superhydrophobic structure design 

is mostly limited to theoretical analysis, relatively few studies employed simulation 

approach to predict the hydrophobicity of designed microstructures, hence to optimise 

its dimensions. Furthermore, the dynamic behaviour of the water droplet impacting on 

a superhydrophobic surface is critical to understand the underlying mechanism of 

formation of the superhydrophobic phenomenon. However, it is challenging to observe 

the details of solid-liquid contact area through experiments due to unfavourable optical 

measurement condition and short impacting time [80]. Specifically, it is complicated 

to measure the dynamic velocity and pressure of water drops in the impacting process 

on the superhydrophobic surface. Hence, various numerical approaches have been put 

forward to explore the underlying mechanism and dynamic process of a water droplet 

impacting on the surface with different wettability. Molecular dynamics simulation 

(MDS), Lattice Boltzmann method (LBM) and volume of fluid (VOF) method are 

three primary numerical methods currently. 

Using molecular dynamics simulation (MDS), Yan et al. investigated the 

impact phenomenon of a nano-sized water droplet on a pillared graphite surface [81]. 

The simulation results showed that the decrease of the gaps leads to a higher contact 

angle, and the increase of the height of pillars help increase the critical velocity of the 

wetting transition. In their research, the simulation was conducted for 1 ns with a time 

interval of 2 fs. Khan et al. used MDS to study the transfer behaviour between the 

Wenzel state and Cassie-Baxter state with varying pillar height [82]. Their numerical 
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analysis showed that it takes 500-600 ps to reach the equilibrium state. Xu et al. 

explored the heterogeneous nucleation of the water droplet on surfaces with different 

surface free energies [83]. The time step of 2 fs was chosen in their research, and each 

simulation was carried out for 2 ns. Thus, MDS is capable at nano-scale and ns level, 

but not suitable to simulate the case with a real scale such as length at millimetre level 

or time at the ms level.  

LBM is a mesoscale modelling method, which is also developed to model the 

superhydrophobic phenomenon. Kevin et al. calculated forced wetting under the 

gravity of a water droplet on the pillared superhydrophobic surface by LBM [84]. The 

authors reproduced boundary conditions of the experimental contact angles of drops 

on a superhydrophobic surface. Li et al. also utilised LBM to investigate the dynamic 

behaviour of coalesced droplet jumping on the superhydrophobic surface with 

randomly distributed rough structures [85]. The timescale used in their simulation 

varied from μs to 20 ms. However, the high-speed camera recorded results confirmed 

that the impacting process of water droplet does not reach a stable state after 20 ms 

[86]. Besides, there has been very little research reported on simulation of the contact 

angle of the structured surface in an equilibrium state to make a comparison between 

simulated and experimental results. 

In recent years, some researchers have resorted to VOF method, a fixed-mesh 

method, in which the interface between immiscible fluids is modelled as the 

discontinuity in characteristic function (such as volume fraction) to simulate water 

droplet impacted on a structured surface [87,88]. The computational studies and 

parameters considered in these studies are summarised in Table 2.4. Most of these 

studies focused on bouncing behaviour of a droplet with a very limited prediction for 
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static contact angle at equilibrium state. On the other hand, numerical geometries used 

in most of the simulations are limited to a smooth surface or simple pillar patterns. 

Zhang et al. investigated the shapes of water drops in the quasi-static and impacting 

process. The wetting and spreading characteristics of a water drop on a surface were 

proven to be highly dependent on the geometric parameters of the micro-texture of the 

surface [89]. Although they provide useful information for the droplet impacting 

process, these studies have still not completely revealed the dynamic behaviour of 

water droplet impact.  The dynamic water droplet impacting process includes air 

pockets pressure, kinetic energy and potential energy, but they are absent in most of 

the research up to now.  

Table 2.4 Summary of the previous works on the impact of the drops on solid 

surfaces. 

Authors Weber 

number 

Impact 

velocity 

(m/s) 

Contact 

angle (°) 

Water 

droplet 

diameter 

(mm) 

Computa

tional 

time (ms) 

Pattern 

Liu [90] 93 1.505 154 3 13.1 Smooth surface and 

square pillars 

Tembely [88] 27.3 1.0 154 2 60 Smooth surface 

Yun [91] 27 1.0 155 1.97 8 Smooth surface 

Quan [92] 0.5-6.2 0.7-3.2 110 0.045 0.052 Square pillars 

Murugadoss 

[93] 

0.93-6.2 1.17-3 114,128 0.05 0.016 Square and circular 

pillars 

Zhang [89] 3.4-6, 3.4 0.001,1 110 0.25 30 Square Pillars 

  

2.2.4 The manufacturing processes for superhydrophobic surfaces 

Recently, tremendous attention has been devoted to the fabrication process of 

the superhydrophobic surface. Surface chemical composition and morphology are two 
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critical factors in determining the hydrophobicity. However, in artificial or natural 

materials, the maximum intrinsic contact angle is only approximately 120° [44,45].  

For this reason, more and more approaches were developed to prepare the 

superhydrophobic surface on various materials, including lithography, electrochemical 

deposition, sol-gel processing, electrospinning, chemical etching method, 3D printing 

and laser ablation process. 

2.2.4.1 Lithography 

Lithography is a well-established technique to fabricate superhydrophobic 

surfaces. This process can control the microstructures precisely and with the capability 

of fabricating nanostructures with high resolution [94]. Many different patterns with 

nanospheres, nanotubes, microchannels, circular pillars, cone pillars, squared pillars, 

lotus-leaf-like structures have been prepared [95–103]. The substrate materials mostly 

include silicon, silox, titanium, polystyrene etc.  

Natural surfaces (e.g. lotus leaves and insect wings) can be regarded as the 

moulds for the lithography process. Wang et al. employed soft-lithographic imprinting 

technology to prepare lotus leaf-like micro/nano structures with a maximum contact 

angle of 154.6° under a water droplet of 5 μL on polymer as shown in Figure 2.7 [96]. 

Kang et al. fabricated a polydimethylsiloxane replica of the multi-layered scales on the 

wings of a Morpho butterfly by soft lithography technology [103]. Besides, some 

research proved that a combination of lithography and etching is also a potential 

technology to prepare the superhydrophobic surface. For instance, superhydrophobic 

micro/nano structures have been fabricated by coupling nanoimprint lithography and 

wet chemical etching. Pozzato et al. fabricated microchannels with width of 6-20 μm 

on silox and silicon wafers by the above sequential process. Its maximum contact angle 
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can reach 169° [104]. Cheung et al. combined the nanosphere lithography and reactive 

ion etching process to fabricate nanospheres on silicon [99]. Photocatalytic lithography 

is another practical technique because of its capability to accurately transfer structures 

from photomask pattern to substrate [98,105]. Lai et al. prepared nanotube structured 

TiO2 films with a contact angle of 156° using self-assembly and photocatalytic 

lithography technology [105]. Feng et al. introduced electron-beam lithography to 

obtain the superhydrophobic surface with regular primary and secondary structures 

[95]. Kothary and Li et al. developed colloidal lithography technology to fabricate 

periodic polymer nanostructures, polystyrene microspheres with contact angle larger 

than 150° for a water droplet of 3 µL [97,106]. However, lithography is a high-cost 

multistep process, requiring unique masks and can be only applied to a limited number 

of materials. 

 

Figure 2.7 Flow chart of soft-lithographic imprinting technology to prepare lotus leaf-

like micro/nano structures [96]. 
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2.2.4.2 Electrochemical deposition 

Electrochemical deposition is a widely used technique to fabricate 

superhydrophobic hierarchical structures or films for conductive materials (e.g. metals 

and its alloys), and the various electrochemical parameters can precisely control the 

features of the micro/nanostructure. 

Liu et al. fabricated micro/nano structures on cathodic copper by an 

electrochemical deposition technique. The ethanol electrolyte solution contained 

cerium chloride and myristic acid. The obtained specimen exhibited excellent 

superhydrophobicity with a contact angle of 161.5° under a water droplet of 2 µL and 

better corrosion inhibitive properties in comparison with smooth Cu substrate [107]. 

Liu et al. prepared superhydrophobic micro/nanostructured metal surfaces (e.g. copper, 

nickel, cadmium, zinc, gold and palladium) by electrodeposition approach, in which 

the sulfuric acid is essential. Then the modified specimen is heat-treated for 12 hours 

at 65 °C to realise a maximum contact angle of 159° under a water droplet of 2 µL 

[108]. Liu et al.  reduced the conversion period to one minute and applied it to a 

magnesium alloy [109]. The reason is that the ethanol solution used in 

electrodeposition process contains low surface energy composition (i.e. cerium nitrate 

hexahydrate and myristic acid) [109]. As shown in Figure 2.8, Xu et al. employed 

electrodeposition method to fabricate superhydrophobic cauliflower-like micro/nano 

structures of nickel stearate on aluminium alloy with the maximum contact angle of 

160 ± 1° in the solution containing ethanoic stearic acid and nickel nitrate hexahydrate 

[110]. However, the electrolytic solution includes more than one harmful chemical 

reagent, which is essential for the electrochemical deposition process. Therefore, it is 

not an environmental-friendly process. 
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Figure 2.8 Schematic presentation of the electrodeposition process on aluminium alloy 

[110]. 

2.2.4.3 Sol-gel processing 

Sol-gel processing is a typical wet-chemical technique used for the 

superhydrophobic coating on various materials including metal, silicon, glass and 

cotton fabric et al. The advantage of this approach is that the formula can be easily 

adjusted to control the mechanical properties and superhydrophobicity of the coating 

[111–119].  

Liu et al. used long-chain fluoroalkylsilane to prepare transparent 

superhydrophobic coatings on glass via the sol-gel technology. The prepared coating 

exhibited a contact angle of 169° and a sliding angle of less than 5° for a water droplet 

of 5 µL [112]. Jiang et al. reported a sol-gel and high-temperature treatment process 

followed by addition of nano-silica (SiO2) sol and organ siloxane to fabricate 

polyorganosiloxane superhydrophobic surfaces with a contact angle of 156.7° for a 

water droplet of 3 µL [113].  However, Lee et al. proposed an innovative method, 

which employed the Si content of the alloy to fabricate a superhydrophobic surface on 
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an Al/Si alloy without high-temperature processing [114]. Furthermore, for the 

metallic surface, Raimondo et al. reported another sol-gel route to prepare a hybrid 

organic-inorganic superhydrophobic coating on the copper surface with contact angle 

above 170° and sliding angle below 5° for a water droplet of 10 µL, which consists of 

alumina nanoparticles and fluoroalkylsilane film [115]. However, most of the above 

research requires multiple steps to prepare the superhydrophobic surface. Chen et al. 

synthesised superhydrophobic coatings with contact angle 158° and sliding angle of 

1.8° under a water droplet of 5 µL via a one-pot sol-gel method on glass, metal, and 

polymer [116]. As shown in Figure 2.9, Yang incorporated fluorinated TiO2 

nanoparticles into cotton fabric, and the contact angle reached 152.5° under a water 

droplet of 4 µL [117]. Similarly, Jiang et al. also reported a one-step sol-gel process to 

prepared a superhydrophobic surface on soft material (i.e. cotton textile) [118]. 

However, the sol-gel process has some limitations too, for instance, the precursors are 

generally costly, and the preparation process involves several chemical ingredients in 

the solution. 

 

Figure 2.9 Reaction route of fluorinated TiO2 sol preparation and coating procedure 

[117]. 
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2.2.4.4 Electrospinning 

Electrospinning is a method used for the production of micro/nano fibre from 

polymer solutions and is driven by electrostatic forces. Electrospinning has been 

shown that to fabricate superhydrophobic nanofiber membranes by coating micro/nano 

fibres on substrates [120–125]. 

Ma et al. reported a flexible method by combination of electrospinning and 

chemical vapour deposition to produce superhydrophobic poly (caprolactone) fabrics, 

which have diameters ranging from 600 to 2200 nm and exhibited a contact angle of 

175° and a sliding angle less than 2.5° for a 20 mg droplet [120]. As shown in Figure 

2.10, Su et al. demonstrated another hybrid process to fabricate highly 

superhydrophobic porous membranes with a contact angle of 163° and sliding angle 

of 3° for a water droplet of 10 µL by the combination of electrospraying of silica 

colloids and electrospinning of poly (vinylidene fluoride) solutions [121]. Then the 

poly (vinylidene fluoride) membranes with controllable structure and adjustable 

wettability from hydrophobic to superhydrophobic or superoleophilic were prepared 

by adjusting the weight percentage of ZnO nanoparticles, ammonia or 1H, 1H, 2H, 

2H-perfluorodecyltriethoxysilane (POTS) ammonia treatment [122]. Except for 

polymer materials, some electrospinning processes can also be applied to metal 

material. For instance, Radwan et al. fabricated electrospun nanocomposite coatings 

on Al substrates using polystyrene and aluminium oxide [124]. The authors found that 

the addition of Al2O3 nanoparticles results in the increase of surface roughness. The 

specimen with the highest surface roughness Ra possesses a maximum value of contact 

angle of 155° under a water droplet of 4 µL [124]. However, electrospinning can only 

be used with a limited number of polymers. 
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Figure 2.10 Schematic process of membrane preparation via simultaneous 

electrospraying and electrospinning [121]. 

2.2.4.5 Chemical etching 

Chemical etching is a common method for manufacturing hierarchical 

structures by chemical ion replacement reaction. Usually, the obtained micro/nano 

structures require modifications by chemical reagents to reduce the surface free energy 

[126–135]. 

Some researchers employed acid solution in the chemical etching process to 

prepare superhydrophobic surfaces [126–131]. Kumar et al. employed a chemical 

etching process to synthesized superhydrophobic aluminium surfaces with a mixture 

of hydrochloric and nitric acids, followed by treatment with 

hexadecyltrimethoxysilane [126]. Li et al. reported a chemical etching process on the 

iron plate to obtain micro/nano structures and then modified with stearic acid [127]. 

The contact angle of specimens employed hydrochloric acid (HCl) solution and silver 

nitrate (AgNO3) solution are 152° and 156° respectively under a water droplet of 5 µL  

[127]. Gao et al. etched Farmland-like textures on the titanium substrate (with a water 
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contact angle of 164° and a sliding angle of 2° for a water droplet of 10 µL by a 

chemical etching method with an aqueous solution containing 72% H2SO4 [128]. As 

shown in Figure 2.11, Ganne et al. prepared the superhydrophobic surface with 

maximum contact angle of 168° for a water droplet of 15 µL on aluminium alloy by 

wet chemical etching in a solution of HCl and HF, then anodic oxidation in phosphoric 

acid solution, and modified by fluorooxysilane lastly [129]. Han et al. demonstrated a 

combined chemical etching and heat treatment process to manufacture a 

superhydrophobic brass surface. A contact angle of up to 153.6° was attained after 

modification with stearic acid [130]. Kim et al. used HF solution to etch the stainless 

steel plates first, then followed by a fluorination process. The obtained sample had a 

contact angle of 166° and a sliding angle of 5° for a water droplet of 5 µL [131]. 

 

Figure 2.11 The flow chart of combined wet chemical etching and anodic oxidation 

method [129]. 

In addition, some other researchers utilised the alkaline solution in the chemical 

etching process to prepare superhydrophobic surfaces [132–135]. Huang et al. 

employed a chemical etching process by NaOH solution to obtain flake-like micro-

nanostructure morphology, and then used passivation by ethanolic stearic acid to 

realise the contact angle of 156° [132]. Choi et al. investigated surface morphology 

and superhydrophobicity by three different chemical etching solutions: NaOH 

solution, Ni-containing solution and Zn containing solution [134]. The experimental 

results indicated that all these three methods could be used to prepare 
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superhydrophobic specimens. Varshney et al. employed two-step and one-step 

chemical etching processes using potassium hydroxide and lauric acid solutions to 

prepare superhydrophobic coatings on aluminium substrates [135]. Thus, it can 

conclude that the chemical reagents of acid or alkaline solutions are essential in 

chemical etching, which is not an environmental-friendly process. 

2.2.4.6 3D printing 

Recently, additive manufacturing (3D printing) has created new opportunities 

for the manufacture of superhydrophobic structures, as it does not require complicated 

processing steps, templates or moulds. He et al. prepared microporous Poly-

dimethylsiloxane structures with a contact angle of 155° (water droplet of 5 µL) by 3D 

printing technology, as shown in Figure 2.12 [136]. Lv et al. reported a similar 3D 

printing process to fabricate ordered porous structure with a contact angle of 160° for 

oil-water separation by nanosilica-filled polydimethylsiloxane (PDMS) ink [137]. 

Yang et al. employed immersed surface accumulation 3D printing process to construct 

microscale artificial hairs with eggbeater heads with a maximum contact angle of 170° 

for a water droplet with a diameter of about 2.6mm. Simultaneously, carbon nanotubes 

were mixed to the photocurable resins to enhance the surface roughness and 

mechanical strength of the microstructures [138]. Yuan et al. developed selective laser 

sintering technology to manufacture superhydrophobic surfaces with a contact angle 

of 161° on polysulfone membranes [139]. Graeber et al. generated alternating, 

protruding, and indented truncated cones with a scale of 0.1 mm by 3D printing 

technology on the photocurable polymer, then employed soft lithography and spray 

coating to fabricate superhydrophobic surfaces with a maximum contact angle of 167° 

for a pure water droplet with a diameter of 2.2 mm [140]. In addition, except liquid 
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based 3D printing technology, fused deposition 3D printers also can be used for 

fabrication of superhydrophobic surfaces. Lee et al. printed line and grid patterns by 

the polylactic acid filament, then silica nanoparticles and 2-Butanone are used for dip 

coating to reduce surface energy to obtain the superhydrophobic surface with contact 

angle of 158° for a water droplet of 11 µL [141]. However, most of the printed 

materials for superhydrophobic structures are still limited to plastic or polymer 

materials. 

 

Figure 2.12 (a) 3D printer, (b) An overview image of the 3D printer for direct writing 

of PDMS ink, (c) schematic of 3D printing process and (d) anisotropic porous PDMS 

film [136]. 
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2.2.4.7 Laser ablation 

The primary challenges for industrial application of superhydrophobic surface 

are achieving high production efficiency with low production cost. The laser ablation 

process is a reliable manufacturing method due to its high-efficiency and contactless 

characteristics. Most of the research reported that hierarchical structures, which consist 

of micron and nanoscale level patterns, could be generated using the laser ablation to 

improve surface hydrophobicity. Femtosecond, picosecond and nanosecond pulsed 

laser are three major types used for the laser ablation process of the superhydrophobic 

surface.  

Femtosecond pulsed laser ablation process 

A femtosecond pulsed laser is a laser which emits pulses with a duration of 

lower than 1 ps (10-12 s). It has been demonstrated as a promising technique to fabricate 

superhydrophobic structures on various materials, such as silicon, glass, 

polydimethylsiloxane, stainless steel, platinum, brass and titanium. The state of the art 

of femtosecond pulsed laser ablated superhydrophobic surfaces is listed as Table 2.5. 

The laser fluence is a critical parameter that determines the hydrophobicity of 

specimens. The femtosecond laser ablation process was employed to fabricate 

micro/nano structures on silicon substrate [75,142,143]. Superhydrophobic surfaces 

with a maximum contact angle of 160° were obtained after coating a layer of 

fluoroalkylsilane molecules [142]. The authors found that the contact angle increases 

rapidly when the laser fluence varies between 0.26 to 0.4 J/cm2. Then the contact angle 

remains constant with the laser fluence further increased to 0.9 J/cm2 [142]. As shown 

in Figure 2.13, femtosecond laser ablation also has the potential to manufacture 

periodic micro-gratings with superhydrophobicity on transparent glass surfaces with 



35 

 

only a minor effect on transparency [144]. The microstructured surface possesses a 

contact angle ranges from 152° to 155° after silanization process [144]. 

 

                   (a)                                                                    (b) 

Figure 2.13 Experimental setup for the fabrication of superhydrophobic soda-lime 

glass surface. (a) Schematic diagram; (b) photograph [144]. 

The studies discussed above all required follow-on silanization post process to 

reduce the surface energy after developing micro/nano structures on the surface 

because silicon and glass are intrinsic hydrophilic materials. PDMS surface also has 

high transparency, but there is no requirement of silanization process to realise 

superhydrophobicity after femtosecond laser ablation, because its intrinsic contact 

angle is 110° [145,146]. For superhydrophobic surfaces on metallic materials, Wu et 

al. fabricated periodic ripples and periodic cone-shaped spikes on AISI 316L stainless 

steel, and realised a maximal contact angle of 166° and a sliding angle of 4° [147]; 

Fadeeva et al. fabricated structures mimicking lotus leaf by femtosecond laser ablation 

process [148].  
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Table 2.5  Femtosecond pulsed laser ablated superhydrophobic surfaces. 

Authors Laser 

pulse 

duration 

(fs) 

Laser 

fluence 

(J/cm2) 

Post-

process 

Volume 

of water 

droplet 

(μL) 

Contact 

angle 

(°) 

Sliding 

angle 

(°) 

Materials 

Baldacchini 

[142] 

100 0.22-

0.9 

Silaniz

ation 

5 160 N/A Silicon 

Zhang [143] 30 N/A Silaniz

ation 

9 164 5 Silicon 

Yong [75] 30 N/A Silaniz

ation 

9 158 4 Silicon 

Ahsan [144] 183 N/A Silaniz

ation 

4 155 N/A Glass 

Boinovich 

[149] 

200 5 Silaniz

ation 

15 166 8 Glass 

Gong [145] 700 4.68 No 4 and 9 154.5 6 Polydimethylsil

oxane 

Yong  [146] 50 N/A No 7 162 N/A Polydimethylsil

oxane 

Wu [147] 130 0.08-

0.2 

Silaniz

ation 

1 166.3 4.2 AISI 316L 

stainless steel 

Rukosuyev 

[150] 

120 N/A No 8 165.8 N/A AISI 316L 

stainless steel 

Kam  [151] 490 0.1-1 Silaniz

ation 

7 150 N/A AISI 316L 

stainless steel 

Moradi 

[152] 

150 1.5-480 Silaniz

ation 

4 164 4 AISI 316L 

stainless steel 

Vorobyev 

[153] 

65 3.9-9.8 No N/A 158 4 Platinum, 

titanium, and 

brass 

Fadeeva 

[148] 

30 20-100 No 10 166 N/A Titanium 

Yong [154] 50 N/A No N/A 159.5 8 Zinc 

Long [155] 800 N/A Silaniz

ation 

4.5 158 4 Copper 
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Picosecond pulsed laser ablation process 

A picosecond pulsed laser has a duration between 1 ps and some tens of 

picoseconds, it also belongs to one of the ultrashort pulse lasers. The research recently 

employed picosecond pulsed laser to prepare superhydrophobic surface is summarized 

in Table 2.6. Jagdheesh et al. found that an increase in the number of pulses per 

irradiated spot increased the surface roughness, and the nanoscale structures tend to 

transform into hierarchical structures [156]. Jiang et al. reported fabrication of 

micro/nano structures on titanium substrate as a mould insert by picosecond laser 

ablation process, and then soft lithography technology was used to replicate the 

structures on a plastic polymer material [157]. Long et al. fabricated surfaces with 

structural colouration and superhydrophobicity by picosecond laser on copper [158]. 

As shown in Figure 2.14, Wang et al. manufactured hierarchical surface structure of 

regular micro-bumps with nano-ripples on nickel surface [159]. Faas et al. found that 

heat accumulation has a strong effect on surface structuring rates and a maximum 

contact angle of 173° has been realised on AISI 316L stainless steel by picosecond 

laser ablation process [160].  

 

(a)                                                (b) 
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(c)                                                (d) 

Figure 2.14 Laser fabricated 2D array asperities (a) laser beam path, (b) overview 

photo, (c) SEM images, and (d) AFM measurement result [159]. 

Table 2.6 Picosecond pulsed laser ablated superhydrophobic surfaces. 

Authors Laser 

pulse 

duration 

(ps) 

Laser 

fluence 

(J/cm2) 

Post-

process 

Volume 

of water 

droplet 

(μL) 

Contact 

angle 

(°) 

Sliding 

angle 

(°) 

Materials 

Jiang [157] 8.1 0.1-2 No 2 158 N/A Titanium 

Long 

[158,161] 

10 0.43, 

22.4 

Silaniz

ation 

3 154 11 Copper, 

aluminium 

Wang 

[159] 

10.3 1.43 No 1 159 5 Nickel 

Zheng 

[162] 

10  Silaniz

ation 

N/A 159 N/A Ti–6Al–4V 

Jagdheesh 

[156,163] 

6.7 0.098 Silaniz

ation 

2 152 N/A 304L stainless 

steel, Ti-6Al-

4V, alumina 

Faas [160] 8 0.71 No N/A 173 N/A AISI 316L 

stainless steel 

Sun [164] 10 4,9 Silaniz

ation 

3 152 3 AISI 304L 

stainless steel 

Rajab 

[165] 

N/A 0.625 Silaniz

ation 

6 160 N/A AISI 316L 

stainless steel 
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Nanosecond pulsed laser ablation process 

Nanosecond pulsed lasers are lasers emitting pulses with nanosecond 

durations. Compared with femtosecond or picosecond pulse lasers, the nanosecond 

pulsed laser has the advantages of low-cost and high-efficiency. Examples of research 

that recently employed nanosecond pulsed lasers to prepare superhydrophobic surfaces 

are summarised in Table 2.7.  

Combining laser ablated micro/nano structures and surface energy reduction is 

crucial to fabricate superhydrophobic surface. Currently, three different processes are 

put forward to realise the superhydrophobicity of laser ablated specimens and can be 

summarised as follows: 

First of all, the hydrophobicity of nanosecond pulsed laser ablated surface will 

change with time in ambient air due to modification of the surface chemistry 

[42,119,166–169]. As shown in Figure 2.15, Gregorčič et al. reported that the 

transition from superhydrophilic to superhydrophobic surface with a contact angle of 

153° happened after 30 days by laser ablation [166]. Yang et al. prepared nanosecond 

laser ablated superhydrophobic surface on aluminium and Inconel 718 material after 

exposure to ambient air of 30 days  [167,170]. The author found that the gradual 

increase of contact angle was attributed to the absorbed organic matter (i.e. nonpolar 

C–C(H) bond) onto the laser ablated surfaces from the ambient environment, which 

helps reduce surface free energy slowly [167,170]. Duong et al. fabricated 

superhydrophobic patterns on 304 stainless steel copper and brass surfaces by 

nanosecond laser and investigated the time effects on superhydrophobicity of 

specimen [168,169]. The author found that the laser ablated 304 stainless surfaces 

require 13 days to realise superhydrophobic transition under ambient conditions [168]. 
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For copper, the superhydrophobic transition finished after 11 days in ambient air due 

to partial deoxidization of CuO into Cu2O [171]. Trdan et al. investigated the 

superhydrophobicity transition process of laser ablated AISI 316L stainless steel [42]. 

The author concluded that superhydrophobic state with a contact angle of 168° and a 

sliding angle below 3° was achieved in 1 month [42]. Hence, the transition time from 

hydrophilic to superhydrophobic in ambient air depends on material types. 

 
Figure 2.15 Superhydrophobicity development after nanosecond pulsed laser 

ablation [166]. 

Secondly, some other researchers reported that additional heat treatment can 

reduce the time of wettability change from hydrophilicity to superhydrophobicity. 

Ngo’s research group used nanosecond pulsed laser ablation process and heat 

treatment approach to manufacture superhydrophobic patterns on titanium, 

aluminium, copper and 304 stainless steel substrates [172–175]. As shown in Figure 

2.16, the laser ablated titanium specimens can attain contact angles larger than 160° 

and a sliding angle smaller than 10° after heat treatment in an oven at 200 °C for six 

hours [172]. More importantly, the authors found that the superhydrophobic transition 

time was reduced for titanium and aluminium with increasing heating temperature as 

the heat treatment accelerated the organic adsorption process of hydrophobic groups 

(e.g. -CH3 and -CH2) [173]. For 304 stainless steel, the grid patterns were fabricated 

by a nanosecond pulsed laser; then heat treatment was conducted at 100 °C for 20 

hours to prepare the surface with a contact angle of 175° and sliding angle smaller than 
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5° [175]. Wan et al. fabricated microchannels on stainless steel through the 

combination of nanosecond laser ablation and 150 °C heat treatment in an oven for 24 

hours, which realised a contact angle of 152° [176]. Patil et al. employed nanosecond 

pulsed laser to prepare microstructures on Ti-6Al-4V substrate first, then a 300 °C 

annealing treatment was used to realise the rapid wettability transition from 

hydrophilic to the superhydrophobic surface [177]. He et al. prepared 

superhydrophobic surfaces on copper by nanosecond laser ablation and ethanol 

assisted 150 °C annealing treatment; the underlying mechanism is that the ethanol can 

help transition from CuO to hydrophobic materials Cu2O [178].  

 

Figure 2.16 Schematic of UV nanosecond-pulsed laser ablation and heat treatment 

process [172]. 

Finally, silanization by a chemical reagent is the most effective approach to 

reduce the surface energy of laser ablated specimens, and the superhydrophobicity of 
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specimens can be realised in a very short time. As shown in Figure 2.17, Ma et al. 

proposed nanosecond laser ablation and chemical silanization process to construct a 

superhydrophobic surface on carbon steel [179]. Wang’s research group presented a 

combination technology of nanosecond laser ablation and organic polysilazane or 

perhydropolysilazan coating to prepare superhydrophobic Ti-6Al-4V and carbon steel 

surface [180,181].  Besides, a similar process is successful in preparing the 

superhydrophobic surface on copper, aluminium alloy [182,183]. Conradi et al. 

presented a new method to fabricate AISI 316L stainless steel superhydrophobic 

surfaces, which combined laser texturing and coating of fluoroalkylsilane 

functionalized 30 nm silica nanoparticles [184]. 

 

Figure 2.17 The schematic diagram of fabricating laser ablated superhydrophobic steel 

[179]. 

Table 2.7 Nanosecond pulsed laser ablated superhydrophobic surfaces. 

Authors Laser 

pulse 

duration 

(ns) 

Laser 

fluence 

(J/cm2) 

Post-

process 

Volume of 

water 

droplet 

(μL) 

Contact 

angle 

(°) 

Sliding 

angle 

(°) 

Materials 

Gregorčič 

[166] 

95 31 Exposed 

to 

ambient 

air 

5 153 N/A AISI 316L 

stainless steel 

Yang 

[167,170] 

50 25.46 Exposed 

to 

8 153 5 1060 

aluminium, 

Inconel 718 
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ambient 

air 

Duong 

[168,169] 

220 55-93 Exposed 

to 

ambient 

air 

5 153 3-4 AISI 304 

stainless steel, 

copper, brass 

Trdan [42] 40 N/A Exposed 

to 

ambient 

air 

5 168 3 AISI 316L 

stainless steel 

Ngo [172–

175] 

20 N/A Heat 

treatment 

11 169 5 Titanium, 

aluminium, 

copper, AISI 

304 stainless 

steel 

Wan [176] 100 N/A Heat 

treatment 

4 152 N/A AISI 304 

stainless steel 

Patil [177] 20 N/A Heat 

treatment 

3 162 N/A Ti-6Al-4V 

textured 

He [178] 25 N/A Heat 

treatment 

4 161 N/A Copper 

Ma [179] 220 19 Silanizati

on 

3 162 N/A Carbon steel 

Hu 

[180,181] 

100 N/A Silanizati

on 

4 164 3.5 Ti-6Al-4V, 

Carbon steel 

Long [182] 20-200 N/A Silanizati

on 

5 160 3 Copper 

Lei [183] 30 5.52 Silanizati

on 

10 154 N/A Aluminium 

alloy 

Conradi 

[184] 

95 31 FAS-

SiO2 

nanoparti

cles. 

5 153 N/A AISI 316L 

stainless steel 

 

Besides the above post processes, some researchers also investigated the effect 

of laser ablated micro/nanostructures, the pitch of microstructures and laser pulse 

energy on hydrophobicity. Yang et al. investigated the wettability transition 
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mechanism of laser ablated aluminium substrate, and the results indicated that laser-

ablated microstructures had amplified effects on the hydrophobicity of the specimen 

as the water droplet is easier to form Cassie-Baxter state on laser ablated specimen 

[167]. Long et al. reported the effect of the laser pulse energy and width on the 

morphology of micro/nanostructures on a copper surface. They found that the 

morphology of the laser ablated structures is more sensitive to the laser pulse energy 

when nanosecond lasers with long pulse widths are used. Slightly decreasing the laser 

pulse energy results in the non-formation of hierarchical micro/nano-structures 

[182,185]. Gregorcic et al. fabricated an AISI 316L stainless steel specimen with a 

pitch of 50 μm at average pulse power of 0.6 W and 97% pulse overlapping rate and 

achieved a static contact angle of 153° [166]. Long and Gregorcic both reported that 

variations of the pitch of channels resulted in entirely different surface morphologies-

from the highly porous surface to well-separated microchannels, whose width and 

depth depend on laser fluence [166]. Duong et al. concluded that surface roughness 

could be well controlled by laser power. The arithmetical mean height Sa increased 

linearly when laser fluence was higher than 33 J/cm2. The roughness was around 2 and 

7 times larger than that of the untextured surface under fluences of 36 and 48 J/cm2, 

respectively [168]. 

Furthermore, the effect of laser fluence and line separation on the contact angle 

of laser structured surfaces were investigated. Experimental results showed that the 

specimens possessing superhydrophobicity have pitches of 50–150 μm and are 

machined at the laser fluence of 36 J/cm2 [168]. Conradi et al. discovered that higher 

line density resulted in a higher contact angle. However, the average surface roughness 

Sa increased first then further decreased gradually with the increase of line density 



45 

 

[184]. Thus, these studies have indicated that the laser machining parameters 

significantly affect the hydrophobicity of the specimens while surface topography is a 

crucial factor to determine the superhydrophobicity of the specimen.  

The advantages and disadvantages of different manufacturing processes for 

superhydrophobic surface are summarised in Table 2.8. It can conclude that 

nanosecond pulsed laser ablation is a good candidate for industrial scale production of 

superhydrophobic surface. Hence, nanosecond pulsed laser ablation is choosing as the 

process for manufacturing functional surfaces on stainless steel in this study. 

Table 2.8 Advantages and disadvantages of different manufacturing process. 

Manufacturing process Advantages Disadvantages 

Lithography High precise; 

high resolution. 

High-cost multistep process; 

require masks; 

limited types of materials used. 

Electrochemical 

deposition 

High precise; 

high throughput. 

Require templates; 

Limitation in use of  electrical 

conductive materials. 

Sol-gel processing Formula can be easily 

adjusted. 

Limited types of materials used; 

difficult to apply on large scale area. 

Electrospinning Continues process;  

easy to control the size of 

micro/nano fibres. 

Limited on polymer solutions; 

toxic solutions. 

Chemical etching  Low cost and simple process; 

controllable etching rate. 

Chemical contamination; 

3D printing Flexible process; 

easy to print complex 

structures. 

Limited choice of materials; 

low feature resolution. 

Femtosecond pulsed 

laser ablation 

High precision; 

non-contact machining. 

High-cost;  

low efficiency. 

Picosecond pulsed laser 

ablation 

Precision machining; 

non-contact machining. 

High-cost;  

low efficiency. 

Nanosecond pulsed 

laser ablation 

High efficiency and low cost;  

non-contact machining. 

Heat-affected zone 
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2.3 State-of-the-art of antimicrobial surface 

2.3.1 Introduction 

Surgical site infections are one of the most devastating complications after 

surgical procedures. More importantly, with the increased use of antimicrobial drugs, 

the threat of antimicrobial resistance is significant and is increasingly being recognised 

as a global problem [186]. Thus, the increasing incidence of healthcare-associated 

infections and overuse of antibiotics leads to the need for alternative strategies which 

can decrease antibiotic consumption, such as the development of antimicrobial 

medical devices.  

Surface treatment of medical devices by coating with antimicrobial agents is a 

promising solution. Currently, silver and its compounds are the most commonly used 

antimicrobial materials, due to their strong, broad-spectrum antimicrobial effects 

against bacteria, fungi, and viruses [187]. Recently, silver nanoparticles (AgNPs) have 

received interest for antimicrobial applications as they can enter bacterial membranes 

and deactivate respiratory chain dehydrogenases to inhibit respiration and growth of 

microorganisms [187]. Due to this, AgNPs are believed to have good potential for 

application in silver-based dressings and silver-coated medical devices without 

promoting microbial resistance [188].  

2.3.2 Preparation of antimicrobial silver-containing surface 

A variety of physical and chemical methods have been developed to prepare 

AgNPs on biomaterial substrates. For physical approaches, Cao et al. employed silver 

plasma immersion ion implantation process to embed AgNPs on titanium substrates 

[189]. The prepared specimens were extremely effective in inhibiting both Escherichia 
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coli and Staphylococcus aureus strains while exhibiting noticeable activity in 

promoting the propagation of the osteoblast-like cells (MG63) [189]. Echeverrigaray 

et al. prepared stainless steel specimens with silver atoms by ion implantation process 

at low energy (4 keV) on a reactive low voltage ion plating equipment as shown in 

Figure 2.18 [190]. Ferraris et al. deposited silver nanocluster/silica composites onto 

AISI 304L stainless steel via a radio frequency (RF) co-sputtering deposition method 

[191]. After one month of immersing in diverse food relevant fluids, these coated 

specimens showed an excellent property for the reduction of bacterial adhesion [191]. 

However, the high cost and low efficiency of the above physical methods limited the 

industrial application of AgNPs. 

 

Figure 2.18 Schematic of the implantation process and major components of the 

reactive low voltage ion plating equipment [190]. 

Researchers have also resorted to wet chemical procedures to synthesise 

AgNPs on biomaterials. Inoue et al. prepared sodium titanate thin films with a porous 
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network structure through the reaction of titanium samples with NaOH solutions, then 

immersed in CH3CO2Ag solution for 3 hours to conduct silver ion exchange treatment 

[192]. Soloviev et al. employed ultrasound irradiation to deposit AgNPs on stainless 

steel from AgNO3 solution, which comprised aqueous ammonia and ethylene glycol 

[193]. Diantoro et al. used sodium borohydride, mercaptosuccinic acid and methanol 

to finish the reduction reaction of AgNPs from silver nitrate solution [194]. Heinonen 

et al. applied sodium hydroxide, ammonia and glucose to prepare the 

superhydrophobic surface with AgNPs by sol-gel technology [195]. As shown in 

Figure 2.19, Jia et al. presented a strategy of mussel-adhesive-inspired immobilisation 

of AgNPs [196].  Moreno-Couranjou et al. employed catechols to realise the reduction 

of silver nitrate to obtain AgNPs as shown in Figure 2.20 [197]. Cao et al. used 

dopamine as a reducing reagent to manufacture AgNPs on 304 stainless steel in a weak 

alkaline aqueous solution [198]. All the testing results illustrated that the existence of 

silver nanoparticles is essential for the antimicrobial activity of silver-containing 

surfaces.  

 

Figure 2.19 Schematic of MAO process followed by mussel-adhesive-inspired 

immobilization of AgNPs [196]. 
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Figure 2.20 Schematic of the elaboration of multifunctional surfaces achieved via 

liquid-assisted plasma-enhanced chemical vapour deposition [197]. 

The current chemical synthesis methods are not environmentally friendly as 

they involved at least two different toxic reagents as reducing and stabiliser agents in 

the chemical reaction [188]. Thus, the reduction of the participant chemical reagents, 

even only using silver nitrates, is another challenge for the chemical synthesis method 

from the viewpoint of sustainable chemistry. 

In addition to the coating approach, research has also demonstrated that 

microstructures of certain geometries can reduce surface adhesion of bacteria. Ferraris 

et al. proved that microgrooves on titanium surfaces prepared by electron beam surface 

structuring technology help reduce adhesion of bacteria [199]. For instance, in surgical 

tools, ultra-sharp knife-edges in combination with textured surfaces in the knife-tissue 

contact region could lead to significant reductions in forces and resulting tissue 

damage. The microstructures act as stores to realise immobilisation and release of 

silver ions into the surgical point. Besides, microstructures will protect the AgNPs 

from detachment and wear when subjected to external forces. Thus, the synergistic 

effect of AgNPs and micro-structures will lead to even better antimicrobial results 

[196].  
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2.4 Summary of knowledge gaps and research challenges 

Designing appropriate microstructures and choosing a low-cost, high-

efficiency manufacturing process are crucial for the industrial-scale production of 

superhydrophobic surfaces on AISI 316L stainless steel. Many preparation methods 

for superhydrophobic surfaces have been successfully applied to various materials. 

However, there are still some limitations due to the complicated preparation process, 

low efficiency and high cost. At present, the nanosecond laser ablation process has 

been proven to be a promising method for manufacturing superhydrophobic structures 

on AISI 316L stainless steel. However, most of the theoretical research concerning 

superhydrophobicity is independent of the manufacturing process. There is still a lack 

of systematic study of pattern design, the prediction of superhydrophobicity and the 

control and optimisation of the nanosecond pulsed laser ablation process. The 

knowledge gaps and research challenges are summarised in the following paragraphs. 

First, the current microstructure design methods do not consider the 

manufacturing process. Thus, a deterministic design method that aims to predict 

surface contact angle and to optimise structure geometries for maximising 

hydrophobicity for laser-ablated microstructures is required. 

Second, the current theoretical designs for superhydrophobic structures are not 

combined with computational fluid dynamic (CFD) simulation to predict the 

hydrophobicity of different structures.  Furthermore, the underlying mechanism of the 

superhydrophobic phenomenon requires further exploration according to the 

experimental and simulation results. 

Third, a research gap exists regarding the correlation between a specimen’s 

surface topography and hydrophobicity. The challenge is determining the most 
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effective process parameter and surface characterisation parameter for these 

microstructures that are sensitive to the hydrophobicity of the microstructured surface. 

Finally, a research gap exists in developing new hybrid processes based on 

laser ablation that can be used to manufacture functional surfaces with a specific 

property (e.g. anisotropic superhydrophobicity and antimicrobial properties). The 

challenge is how to combine the laser ablation process with other methods to cost-

effectively produce functional surfaces. 
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Chapter 3    Design Method for Laser Ablated 

Superhydrophobic Microstructures 

3.1 Introduction 

As concluded in Chapter 2, the current microstructure design method for 

superhydrophobic surfaces does not consider manufacturability. Most of the research 

of laser ablated superhydrophobic structures employed line and grid patterns without 

considering structure design and dimension optimisation. However, the shape, 

dimensions of the microstructure and the laser ablation process are inextricably 

intertwined.  

The purpose of Chapter 3 is to address the crucial design-for-manufacture 

(DFM) issue. First, a deterministic design approach, including a geometrical model for 

laser machined Gaussian micro holes, together with the theoretical constraints for a 

stable Cassie-Baxter state, will be advanced to design the necessary microstructure 

dimensions for maximising surface hydrophobicity. Then, a 3D CFD numerical 

simulation is used to predict the contact angle of design structures and to explore the 

underlying mechanism of the superhydrophobic phenomenon.  

3.2 A deterministic design approach for superhydrophobic structures  

In current research, laser ablated superhydrophobic surface mostly possessed 

pillars or channels patterns. Yong fabricated mesh-porous structure with a contact 

angle of 158° by a femtosecond laser ablation process and found that the 

superhydrophobicity is stable even if the PH of the solution changes from 1 to 14 [75]. 

Park manufactured surface with a durable dual hole pattern through imprinting 

techniques. As high aspect ratio pillars were not used the manufactured surface has 



53 

 

stable superhydrophobic properties and is robust against physical damage [200]. As 

stability of superhydrophobicity is a critical design requirement for practical 

application, the enclosure hole pattern is used in this study. 

3.2.1 Geometrical model of microstructures 

The nanosecond pulsed laser beam has a Gaussian intensity profile as shown 

in Figure 3.1 (a), so the profile of laser ablated micro hole also has a cross section like 

a Gaussian curve. Thus, some micro holes with a pitch of 110 μm (P110) are machined 

at different laser powers on AISI 316L stainless steel specimens to help develop a 

geometrical model of laser ablated microstructures. The detail of the IPG fibre laser 

are shown in Table 3.1. The surface morphologies of laser ablated specimens were 

measured by an optical microscope (Alicona G4) under 50X magnification objective 

lens. This instrument has a vertical resolution of 20 nm. The 2D profiles extracted 

along the diagonal direction of the machined holes under different laser powers for 

P110 are shown in Figure 3.1 (b). The depth and the width of the micro holes are 

observed to increase in proportion to the laser power. Especially when the laser power 

varies from 4 W to 14 W, the average depth of the micro holes gradually increases 

from 9.2 μm to 68.3 μm. Besides, the increased laser power also results in the 

increasing height of pillars due to the formation of recast layers in the laser ablation 

process. However, the increased laser power results in the decrease of the width of the 

pillars from 90 μm to 30 μm. The depths of the micro Gaussian holes are almost the 

same at 10 W and 14 W, but the pillar width further decreases as the increase of laser 

power leads to more material removed from the specimen surface. 
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Table 3.1 Details of IPG 20w fiber laser YLP-1-100-20-20. 

Characteristic Test condition Minimum Typical Maximum Unit 

Mode of operation  Pulsed  

Nominal average output power   19 20 21 W 

Output power adjustment range  10  100 % 

Central emission wavelength 20W 1055 1064 1070 nm 

Pulse repetition rate  20  200 KHz 

Pulse duration 20 W, 20 kHz 90 100 120 ns 

Pulse energy 20 W, 20 kHz  1  mJ 

 

 
(a)  

 
(b)  

Figure 3.1 Intensity of the nanosecond laser beam and 2D profiles of machined micro 

holes: (a) Gaussian intensity profile of laser beam; (b) surface profile for P110 arrays. 
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From the above analysis results, the geometry model of laser ablated Gaussian 

holes can be developed. The 2D profile and 3D morphology of the microholes can be 

described by a Gaussian function as shown in Equations 3-1 and 3-2. For the Gaussian 

curve, the area proportion between -3c and +3c is about 99.7%, so the curve between 

±3c was chosen to represent the Gaussian hole machined by the pulsed laser as shown 

in Figure 3.2 (a). The developed 3D geometrical model of laser ablated Gaussian holes 

is shown in Figure 3.2 (b). 

 𝑧 = −𝑎 × 𝑒
−

x2

2𝑐2 (3-1) 

 𝑧 = −𝑎 × 𝑒
−

x2+𝑦2

2𝑐2  (3-2) 

where a and c are arbitrary real constants. 

 
(a) 

 
(b) 

Figure 3.2 (a) Gaussian curve; (b) 3D geometry model of laser ablated Gaussian holes. 
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3.2.2 A nonlinear geometrical optimisation model 

The 2D and 3D geometrical models of laser ablated Gaussian holes can be 

plotted based on Equations 3-1 and 3-2, as shown in Figure 3.3. For superhydrophobic 

AISI 316L stainless steel specimen, the water droplet should have a stable Cassie-

Baxter state on the specimen. Due to the effect of gravity, the water droplet sags 

downward between micropillars but will not touch the bottom of micro holes. In Figure 

3.3 (a), a is the depth of the Gaussian hole, b is the width of micropillar, 6c is the width 

of microhole, h is the height of sag of water droplet between pillars, θ is the intrinsic 

contact angle of AISI 316L stainless steel, and R is the radius of water droplet. We 

suppose that the interface of sag of the droplet is part of a ball surface and r is the ball 

radius. Furthermore, the pitch P, b and c form a right-angled triangle as shown in 

Figure 3.3 (b). 

           

(a)                                                                 (b)  

Figure 3.3 Geometrical model of laser ablated Gaussian holes at Cassie-Baxter state: 

(a) 2D geometric model; (b) 3D topography. 

For the water droplet in the Cassie-Baxter state, the surface contact angle can 

be expressed as [16]: 
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 cos𝜃𝐶𝐵 = −1 + 𝑓(1 + cos𝜃) (3-3) 

where f is the fraction of solid surface area wet by the liquid and can be described as: 

 𝑓 =
actual solid and liquid contact area

planar area
=

𝑏2

2(
𝑏
2 + 3𝑐)2

 (3-4) 

From Equations 3-3 and 3-4, it can be seen that f  is inversely proportional to 

contact angle θCB. Hence, the minimum value of f will result in the contact angle θCB 

reaching its maximum value.  So Equation 3-4 is the objective function of nonlinear 

programming. 

In order to make the droplet maintain a stable Cassie-Baxter state on the 

surface, the structure should meet some geometric and physical constraints which are 

listed as follows. 

First of all, the droplet cannot have contact with the bottom of the micro 

Gaussian hole, so the sag in height h should be smaller than a, which can be expressed 

as: 

 𝑎 > h = 3c(
1 − sin𝜃

−cos𝜃
) (3-5) 

Equation 3-5 can be further simplified as: 

 3c (
1 − sin𝜃

−cos𝜃
) − 𝑎 ≤ 0 (3-6) 

Secondly, the state of the droplet is affected by its weight in Newtons (W) and 

Laplace pressure (FLP) force. The Laplace pressure is the pressure difference between 

the inside and the outside of a curved surface that forms the boundary between a gas 

region and a liquid region [201]. The pressure difference is caused by the surface 

tension of the interface between liquid and gas. Thus, the balance between weight and 

Laplace pressure is also a crucial condition for the Cassie-Baxter state. It means that 



58 

 

the Laplace pressure should be greater than the weight of the droplet. The average 

droplet weight for every hole and the Laplace pressure are shown in Equations 3-7 and 

3-8. The constraint can be expressed by Equation 3-9. The pillar can be estimated to 

possess a rectangular shape with side length b. 

 𝑊 =
𝜌 (

4
3 𝜋𝑅3𝑔)

𝜋𝑅2sin2𝜃
[2 (

𝑏

2
+ 3𝑐)

2

− 𝑏2] (3-7) 

 𝐹LP = 12𝜋𝛾𝐿𝐺𝑐(
1 − sin𝜃

−cos𝜃
) (3-8) 

 𝑊 − 𝐹LP ≤ 0 (3-9) 

where, 𝛾LG is the surface tension between liquid and gas in the unit of N/m.  

Thirdly, the principle of the lowest energy is a general rule in nature. Since the 

mechanical system is trying to find a state of minimum surface free energy [202], the 

surface free energy of Cassie-Baxter state (ECB) should be smaller than Wenzel state 

(EW) [203]. The ECB and EW in the unit of J are calculated by Equations 3-10 and 3-11. 

Equation 3-12 is Young's equation [204]. The constraint about the principle of the 

lowest energy can be expressed by Equation 3-13. The pillar side area is processed as 

a frustum of a pyramid to calculate the area. 

 𝐸CB = 𝛾LG [
18𝜋𝑐2(1 − sin𝜃)

cos2𝜃
] + 𝛾SL𝑏2 + 4𝛾SG√𝑎2 + 9𝑐2(𝑏 + 3𝑐) (3-10) 

 𝐸W = 𝛾SL[𝑏2 + 4√𝑎2 + 9𝑐2(𝑏 + 3𝑐)] (3-11) 

 𝛾SG = 𝛾LGcos𝜃 + 𝛾SL (3-12) 

 𝐸CB − 𝐸W ≤ 0 (3-13) 

where 𝛾SL is the surface tension between solid and liquid, 𝛾SG is the surface tension 

between solid and gas.  
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Finally, there are some additional geometrical constraints, as shown in Figure 

3.3 (b) according to the Pythagorean theorem, the relationship of b, c and P can be 

expressed as:  

 𝑏 + 6𝑐 = √2𝑃 (3-14) 

For every specimen, the depth of microhole is also limited by actual depth. As 

an extension of Ra (arithmetical mean height of a line) to a surface, Sa is often used to 

evaluate surface roughness in an area. It represents the difference in the height of each 

point compared to the arithmetical mean of the surface, so it cannot wholly reflect the 

size of peak and valley on the periodic surface. On the other hand, the maximum height 

Sz is a surface characterisation parameter to evaluate the absolute highest and lowest 

points found on the surface, which is the sum of the maximum peak height (Sp) and 

the maximum valley depth (Sv) within the defined area. For this reason, Sz can reflect 

the depth information of the specimen better than Sa. The depth of the hole should be 

smaller than Sz: 

 𝑎 ≤ Sz (3-15) 

In this optimisation problem, Equations 3-6, 3-14 and 3-15 are linear 

constraints while Equations 3-9 and 3-13 are nonlinear constraints. MATLAB 

Optimisation Toolbox was used to solve the above optimisation problems and the 

initial conditions in this study are listed in Table 3.2. The value of θ is obtained from 

the contact angle of water droplet on smooth AISI 316L stainless steel, the radius of 5 

μL water droplet is around 1.06mm. 

Table 3.2 Initial conditions used in the optimisation process. 

θ (°) R (mm) γLG (N/m) 

105 1.06 0.073 
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The predicted dimensions of a, b and c under six different pitches and the 

corresponding predicted maximum contact angles are shown in Table 3.3. Specifically, 

P is the abbreviation of pitch of Gaussian holes, P050 means the specimen with a pitch 

of 50 μm. All these dimensions are the values that can realise the maximal contact 

angle and satisfy the constraint conditions simultaneously to ensure the Cassie-Baxter 

state of the water droplet.  With the increase of pitch from 50 μm to 150 μm, the 

predicted width of pillar b increase from 13.8 μm to 58.3 μm. The ratio of b and 6c 

increased from 0.242 to 0.379, which means that the water droplet requires more solid 

part on the surface to sustain the water droplet to satisfy the constrained conditions, 

the droplet has a stable Cassie-Baxter state on the specimen surface. However, the 

increasing ratio of b and 6c also results in a decrease in the predicted maximum contact 

angle from 160.5° to 152.6°.  

Table 3.3 Predicted dimensions of Gaussian hole and its contact angle. 

Pitch (μm)  P050 P070 P090 P110 P130 P150 

Predicted dimensions (μm) a 51.7 69 76.4 86 99.6 110.9 

b 13.8 20.6 31 40.8 49.1 58.3 

c 9.5 13.1 16 19.1 22.4 25.6 

 b/6c 0.242 0.262 0.323 0.356 0.364 0.379 

Predicted value of contact angle (°) θCB 160.5 159.4 155.7 153.8 153.4 152.6 

 

3.3 CFD simulation: method and setup 

Section 3.2 obtained the best dimensions for a Gaussian hole to maximise 

superhydrophobicity under different pitches. However, the above design results are 

only based on theoretical and geometrical analysis. In this section, the CFD simulation 

will be conducted to predict the contact angles of different substrates. Furthermore, the 
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dynamic behaviour of the water droplet that impacts the textured surface is critical to 

understand the underlying mechanism of hydrophobicity and directly influences its 

applications. However, it is extremely difficult to reveal the dynamic behaviour 

experimentally due to unfavourable optical measurement conditions and short 

impacting time. This section, therefore, adopts the Volume of Fluid (VOF) method to 

ultimately reveal the dynamic impacting behaviour and the wetting transition regime 

of water droplets on smooth and designed substrates with different Gaussian hole 

dimensions. 

3.3.1 Mathematical model of the VOF method 

The VOF method can be applied on two or more immiscible fluids by solving 

a series of momentum equations and by tracking the volume fraction for every fluid 

throughout the domain [205]. In the superhydrophobic phenomenon, solid phase (AISI 

316L stainless steel), liquid phase (water) and gas phase (air) are three immiscible 

fluids. Thus, the VOF method can be employed to simulate the impacting behaviour 

of water droplets on smooth and textured substrates to explore the underlying physics 

of the superhydrophobic phenomenon. 

In this study, the water droplet impacting process is considered to take place at 

room temperature, and the process is adiabatic. ANSYS-CFD solver was employed in 

the simulation. The general form of the mass conservation equation is shown in 

Equation 3-16, which is valid for both incompressible and compressible flows. 

 
𝜕𝜌

𝜕𝑡
+ ∇ ∙ (𝜌�⃗�) = 𝑆𝑚 (3-16) 
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where ρ is density, t is time, and �⃗� is fluid velocity. Sm represents the source item, 

which means the mass added to the continuous phase from another phase or other 

phase. Sm is zero in this research. 

G. K. Batchelor et al. described the conservation of momentum as [206]: 

 
𝜕

𝜕𝑡
(𝜌�⃗�) + ∇ ∙ (𝜌�⃗��⃗�) = −∇𝑝 + ∇ ∙ (𝜏̿) + 𝜌𝑔 + �⃗� (3-17) 

where p is the static pressure,  𝜏̿ is the stress tensor and expressed in Equation 3-18. 𝑔 

is the acceleration of gravity, �⃗� is the external body force. 

 𝜏̿ = 𝜇[(∇�⃗� + ∇�⃗�𝑇) −
2

3
∇ ∙ �⃗�𝐼] (3-18) 

where µ is the molecular viscosity, I is the unit tensor, and the second term on the right 

side is the effect of volume dilation. 

For a single water droplet, the surface tension has a significant effect on its 

impacting behaviour. The continuum surface force (CSF) model developed by 

Brackbill [207] et al. was used in this research to consider the surface tension effect. 

In the CSF model, the volume force (𝐹vol) of surface tension to the VOF numerical is 

a source term �⃗� in the Equation 3-17.  For two phase numerical calculation, the phases 

are represented by the subscripts 1 and 2. The volume force (𝐹vol) can be expressed by 

Equation 3-19.  k1 is the curvature of the first phase and can be expressed by Equation 

3-20. �̂�1 is the unit normal as described in Equation 3-21. 

 𝐹vol = 𝛾12

𝜌𝑘1∇α1

1
2 (𝜌1 + 𝜌2)

 (3-19) 

 𝑘1 = ∇ ∙ �̂�1 (3-20) 

 �̂�1 =
∇𝛼1

|∇𝛼1|
 (3-21) 
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where,  𝛾12  is the surface tension coefficient between the two phases, and 𝛼1 is the 

volume fraction of the first phase.  

The intrinsic contact angle (θ) provides information about the wettability of an 

ideal smooth surface. Typically, it comes from the test results. In the VOF simulation, 

θ is not imposed on the wall itself, but it is used to adjust the surface normal in cells 

near the wall [207]. Hence, it results in the adjustment of the curvature of the surface 

near the wall. The surface unit normal at the live cell next to the wall is represented as: 

 �̂� = �̂�𝑤𝑎𝑙𝑙 cos 𝜃 + �̂�𝑤𝑎𝑙𝑙 sin 𝜃 (3-22) 

where �̂�𝑤𝑎𝑙𝑙  and �̂�𝑤𝑎𝑙𝑙 are the unit vectors normal and tangential to the wall, 

respectively. 

The Weber number (We), often used in analysing fluid flows of an interface 

between two different fluids, is a dimensionless parameter. It represents the ratio of 

the inertial force to the surface tension force. The Weber number (We) is given by 

Equation 3-23. 

 𝑊𝑒 =
𝜌𝑣2𝑙

𝜎
 (3-23) 

where l is its characteristic length, typically the diameter of the droplet. 

3.3.2 Geometrical model and simulation parameter setup 

The 3D geometry models used in the VOF simulation are based on the designed 

results of Section 3.2.1. The optimised dimensions of P110 (optimised) and P150 

(optimised) in Table 3.3 are used for the simulation to make a comparison with the 

theoretical value. In addition, smooth surface and P150 (revised) are employed to 

simulate the impacting behaviour of water droplets on a smooth surface and structure 

without the optimised dimensions.   

https://en.wikipedia.org/wiki/Dimensionless_number
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Various efforts have been focused on droplet impact on surfaces with higher 

impacting velocity. However, it is difficult to predict the final contact angle under 

higher impacting velocity due to the longer impacting time needed to establish an 

equilibrium state. In this research, the simulation was conducted with low and high 

Weber numbers. The simulation at low Weber number (We = 0.026) shows the quasi-

static process of water droplets, and it can be used to predict the contact angle because 

the small Weber number takes a short time to reach the equilibrium state. However, 

the simulation at a high Weber number (We = 7.26) can display the impacting process 

of water droplets on substrates. The dimensions and initial conditions of the Gaussian 

hole model for the VOF simulation are shown in Table 3.4. Specifically, P150 

(revised) has a smaller depth a and width of microhole 6c than P150 (optimised), and 

it has a larger pitch if compared with P110 (optimised). Thus, the effect of depth and 

width on the droplet impacting behaviour and the final apparent contact angle and 

microstructures can be investigated from the comparison between P150 (revised) and 

P110 (optimised). And the effect of Gaussian hole’s pitch can be investigated from the 

comparison between P150 (revised) and P110 (optimised). According to the results 

displayed in Table 2.5, Table 2.6 and Table 2.7, the volume of water droplet used for 

contact angle test are varied from 1 to 15 μL, most of research used a water droplet 

with volume about 5 μL. Thus water droplets with volume of 5 μL (2.12mm in 

diameter) were applied in the simulation and experiments. As shown in Table 2.4, 

previous studies used the impact velocities of water droplet are varies from 0.001 to 

3.2 m/s. Based on the above analysis, the water droplet with a diameter of 2.12 mm (5 

μL) has impact velocity of 0.03 m/s (We = 0.026) and 0.5 m/s (We = 7.26) are used in 

this study.  
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Table 3.4 Dimensions and initial conditions of Gaussian hole model for VOF 

simulation. 

Case 

run 

Name Surface pattern P 

(μm) 

a (μm) 6c (μm) Impacting 

velocity 

(m/s) 

We 

1 Smooth Smooth 0 0 0 0.03 0.026 

2 P150 (revised) Gaussian hole 

arrays 

150 86 114.6 0.03 0.026 

3 P150 (optimised) Gaussian hole 

arrays 

150 110.9 153.6 0.03 0.026 

4 P110 (optimised) Gaussian hole 

arrays 

110 86 114.6 0.03 0.026 

5 P150 (revised) Gaussian hole 

arrays 

150 86 114.6 0.5 7.26 

6 P150 (optimised) Gaussian hole 

arrays 

150 110.9 153.6 0.5 7.26 

7 P110 (optimised) Gaussian hole 

arrays 

110 86 114.6 0.5 7.26 

 

The computational setup in the VOF simulation is shown in Table 3.5. The 

solid substrate material is steel. The wall adhesion angle is same as the initial contact 

angle on the smooth surface. 

Table 3.5 VOF simulation parameters. 

Parameter Setting/Value 

Primary phase Air 

Second phase Water 

Solid Steel 

Calculation type Transient model 

Calculation model Volume of fluid 

Diameter of water droplet (D0) 2.12  mm (5 μL)  

Surface tension 0.073 N/m 

Wall adhesion angle 105° 

Time step 2.5×10-5 s 
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Since the Gaussian hole model and the water droplet are symmetric, a one-

quarter symmetric model was used in this research. Contact angle is the most common 

quantitative measure of the wettability of a solid by a water droplet. In order to make 

comparison with contact angle test results and simulate dynamic behaviours of water 

droplet, a water droplet is defined above the substrate and impacting on the substrate 

in this study. The 3D computational domain and boundary conditions of the Gaussian 

hole model are illustrated in Figure 3.4 (a). The dimension of the computational 

domain is 4 × 4 × 4 mm3. All the side walls are set as a symmetry boundary condition. 

A rigid no-slip wall boundary condition with a static contact angle 105° is imposed at 

the structured surface. The initial state of the water droplet is shown in Figure 3.4 (b).  

 

(a) 
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(b) 

Figure 3.4 (a) 3D geometrical model of fluid domain based on Gaussian characters; (b) 

initial state of a water droplet. 

3.4 CFD simulation: results and discussions 

3.4.1 Dynamic behaviour of the water droplet on varied substrates at a Weber 

number of 0.026 

In this section, a low impacting velocity of 0.03 m/s is employed as the initial 

condition to impact the different substrates to predict the static contact angle in the 

equilibrium state.  

In general, when the water droplet impacts a solid surface, two stages, 

spreading and retracting, are cyclically observed until realising an equilibrium state. 

As shown in Figure 3.5 (a) and (b), the droplet expanded rapidly in the radial direction 

from 0.05 ms to 10 ms, and the water droplet height decreased continuously until the 

vertical velocity component was reduced to 0, which is called the spreading stage. The 

retracting stage started at 10 ms and lasted until 15 ms, and the droplet moved upward 

due to the surface tension effect.  Figure 3.5 (b) shows the variations in pressure and 
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velocity vector. During the spreading stage, the water droplet’s velocity vectors moved 

downward and to the outside. Inversely, the velocity vectors at the retracting stage 

moved upward and to the inside. After multiple oscillations, the water droplet reached 

an equilibrium state at 200 ms. Figure 3.5 (c) shows that the water droplet’s pressure 

distribution at 200 ms complied with the law of pressure variation in a static fluid, 

which states that pressure increases with depth. Furthermore, the velocity vector was 

lower than 0.05 m/s at 200 ms, which is negligible and can be regarded as an 

equilibrium state. 

 
(a) 

 
(b) 
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(c) 

Figure 3.5 A series of images of a water droplet impact on the specimen with a smooth 

surface at a low impact velocity of 0.03 m/s (We = 0.026, Case 1): (a) shape of the 

water droplet, (b) static pressure and velocity vector and (c) static pressure and velocity 

vector at 200 ms. 

The dynamic droplet shape and its cloud map of pressure-velocity vector for 

the P150 (revised) specimen at We 0.026 are shown in Figure 3.6. When the water 

droplet started to contact the smooth surface, there was only one rebound process, 

between 0 ms and 5 ms, as shown in Figure 3.6 (a) and (b). Then, the water droplet’s 

height decreased gradually. More details of the Cassie-Wenzel transition process are 

shown in Figure 3.6 (c). When the water droplet started to contact the substrate, the 

water droplet was in a metastable Cassie-Baxter state, between 0 ms to 10 ms. The 

static pressure shows an increasing trend due to the air pocket formed under the water 

droplet. After 10 ms, the velocity vector is distributed at the bottom of the water droplet 

(Figure 3.6 (b)), which means the transition from a Cassie-Baxter state to a Wenzel 

state. The intermediate state at 50 ms proves this inference (Figure 3.6 (c)). From 50 

ms to 200 ms, with the decrease of the velocity vector, the water penetrated the 

Gaussian hole and reached an equilibrium state. The water almost entirely penetrated 

the structures, and the wetting transition finished at 200 ms, even though a negligible 
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amount of air was still trapped at the bottom of the structures. Therefore, the water 

droplet was impaled on the microstructures and showed a Wenzel state at 200 ms.  

 

(a)  

 

(b) 
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(c)  

Figure 3.6 A series of images of a water droplet impact on a specimen with Gaussian 

hole arrays P150 (revised) at a low impact velocity of 0.03m/s (We = 0.026, Case 2): 

(a) shape of water droplet, (b) static pressure and velocity vector and (c) Cassie-

Wenzel transition process and pressure distribution of Gaussian holes. 

2 ms

10 ms

Cassie-Baxter state

50 ms

Intermediate state

200 ms

Wenzel state 150 μm
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The dynamic droplet shapes and its cloud map of pressure-velocity vector for 

the P150 (optimised) specimen at We 0.026 are shown in Figure 3.7. The P150 

(optimised) substrate has optimised dimensions, that produce superhydrophobicity 

with a predicted contact angle of 152.6°, according to the designed results. As shown 

in Figure 3.7 (a) and (b), the water droplet had both horizontal and vertical shape 

deformation in the spreading process. Furthermore, after 10 ms, the radial velocity 

vectors were more pronounced when compared with the vertical direction. The water 

droplet shape significantly changed in a radial direction due to the water being unable 

to penetrate the microstructures.  

More details of the water droplet state and air pocket pressure are shown in 

Figure 3.7 (c). A large volume of air was trapped at the bottom of the structures, 

resulting in lower adhesion force and making the water droplet stay in a Cassis-Baxter 

state before 100 ms. However, the water droplet penetrates the Gaussian holes until 

realising the balance among weight, Laplace pressure and air pocket pressure between 

100 ms and 200 ms. Furthermore, the water droplet shows an intermediate state of 

Cassie-Baxter and Wenzel state on P150 (optimised) at 200 ms. 

 

(a)  
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(b) 

 

(c) 

Figure 3.7. A series of images of a water droplet impact on the specimen with Gaussian 

hole arrays P150 (optimised) at a low impact velocity of 0.03m/s (We = 0.026, Case 

3): (a) shape of water droplet, (b) static pressure and velocity vector and (c) Cassie-

Wenzel transition process and pressure distribution of Gaussian holes. 

7.5 ms

Cassie-Baxter state

50 ms

100 ms

200 ms
Cassie-Baxter state

Intermediate state

Cassie-Baxter state

150 μm
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The dynamic droplet shape and its cloud map of pressure-velocity vector for 

the P110 (optimised) specimen at a Weber number of 0.026 are shown in Figure 3.8. 

The P110 (optimised) substrate has optimised dimensions, that produce 

superhydrophobicity with a predicted contact angle of 153.8°, according to the 

designed results. Similar to P150 (optimised), the water droplet had both horizontal 

and vertical shape deformations in the spreading process. Furthermore, after 10 ms, 

the radial velocity vectors were more notable when compared with the vertical 

direction. Thus, the water droplet shape significantly changed in a radial direction due 

to the water droplet being unable to wet the Gaussian holes. More details of the water 

droplet state and air pocket pressure are shown in Figure 3.8 (c). A large volume of air 

was trapped at the bottom of the structures, which resulted in the water droplet having 

a Cassie-Baxter state on the substrate.   

 

 

 

(a) 
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(b) 

 
(c) 

Figure 3.8 A series of images of a water droplet impact on the specimen with Gaussian 

hole arrays P110 (optimised) at a low impact velocity of 0.03 m/s (We = 0.026, Case 

4): (a) shape of water droplet, (b) static pressure and velocity vector and (c) Cassie-

Wenzel transition process and pressure distribution of Gaussian holes. 

In the impacting process of the water droplets on the substrates, the droplet’s 

shape varied with time in both horizontal and vertical directions. Thus, two 

dimensionless coefficients (i.e. dimensionless diameter D* and dimensionless height 

7.5 ms

20 ms

50 ms

200 ms

Cassie-Baxter state

Cassie-Baxter state

Cassie-Baxter state

Cassie-Baxter state 100 μm
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h*) were defined to quantitatively evaluate the impacting process of a water droplet on 

the substrates as follows: 

 𝐷∗ =
𝐷

𝐷0
 (3-24) 

 ℎ∗ =
ℎ

𝐷0
 (3-25) 

where D0 is the initial diameter of the water droplet (2.12mm for a 5 μL water droplet), 

D is the instantaneous maximum diameter of the water droplet and h is the 

instantaneous maximum height of water droplet, which is the distance from the top of 

the water droplet to the solid substrate.  

Figure 3.9 (a) presents the dimensionless height h* of the droplet for four cases 

at We 0.026 to explore the hydrophobic and superhydrophobic phenomenon. At a low 

Weber number, h* can reflect the water droplet’s wetting state and dynamic behaviour. 

For a smooth surface, the droplet’s oscillation exhibited a form of damping vibration, 

and a decreasing trend of oscillation amplitude was observed. For specimen P150 

(revised), there was no distinct vibration, and h* was decreased gradually with the 

wetting process. However, for superhydrophobic substrates P150 (optimised) and 

P110 (optimised), h* was larger than the other two cases because the water could not 

wet the structures.  Knowledge of the average pressure of the air pockets underneath 

the droplet during its interaction helps reveal the root mechanism behind different 

wetting states (Figure 3.9 (b)).  For both substrates, the average air pockets’ pressure 

shows an increasing trend in the initial formation stage due to air being gradually 

trapped in the structures. However, the air pockets for P150 (revised) are metastable, 

and the average pressure of the air pockets remains constant for an extremely short 

time and then starts decreasing with the wetting transition process from the Cassie-
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Baxter state to the Wenzel state. For P150 (optimised) and P110 (optimised), the air 

pockets’ pressure increases at first and then remains stable, which helps prevent the 

water from penetrating the micro Gaussian holes. However, the stable pressure of P150 

(optimised) is smaller than that of P110 (optimised); thus this demonstrates an 

intermediate state and not a Cassie-Baxter state, like the one found with P110 

(optimised). 

 
(a) 

 
(b) 

Figure 3.9 (a) Time evolution of h*of water drops (We = 0.026); (b) variations of 

average air pockets’ pressure (We = 0.026). 
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Furthermore, the variations in the water droplet’s mechanical energy are highly 

related to the practical applications of a superhydrophobic surface. For example, the 

self-cleaning property is highly associated with the water droplet’s kinetic energy (Ek), 

and gravitational potential energy (Eg) can reflect the wetting state. Simulation results 

are used to calculate the kinetic energy and gravitational potential energy. The water 

droplet’s gravitational potential energy (Eg) and kinetic energy (Ek) can be calculated 

by summing all the related elements, which can be expressed as: 

 𝐸g = ∑(𝜌w𝑉element𝛼2)𝑔ℎelement

𝑛

1

 (3-26) 

 𝐸k = ∑
1

2
(𝜌w𝑉element𝛼2) �⃗�

2

𝑛

1

 (3-27) 

where n is the total number of the element that contains the water phase, 𝜌w is the 

density of water, 𝑉element is the volume of the element, α2 is the volume fraction of 

the water phase,  𝑔 is the gravitational acceleration equal to 9.81 m/s2, ℎelement is the 

height of every element and �⃗� is the water velocity in every element. 

The simulation results of potential energy and kinetic energy at We 0.026 are 

shown in Figure 3.10. At the initial time, the water droplet had maximum gravitational 

potential energy in all cases (Figure 3.10 (a)) due to the water droplet being in the 

highest position and having no contact with the substrate. With increased time, the 

gravitational potential energy is converted to kinetic energy; thus, the kinetic energy 

had a significant increase at the initial moment accompanied with the falling and 

spreading of the water droplet (Figure 3.10 (b)). The potential and kinetic energies 

showed declining trends and no oscillation in the gradual wetting process in the 

hydrophobic substrate P150 (revised). The water droplet penetrated the 
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microstructure; hence, the initial kinetic energy and potential energy transferred to 

surface energy due to the increased solid-liquid contact area of the water droplet’s 

Wenzel state on P150 (revised). For P150 (optimised), the water droplet cannot fully 

penetrate the microstructure and shows an intermediate wetting state, and the initial 

kinetic energy and potential energy of the water droplet is difficult to transfer to surface 

energy, which results in the water droplet having higher kinetic energy and potential 

energy. The superhydrophobic substrate (P110 (optimised)) had the maximum 

potential energy and kinetic energy in the whole impacting process due to the water 

droplet having a Cassie-Baxter state on the substrate, which has the smallest solid-

liquid contact area.  
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(b) 

Figure 3.10 The variations in the water droplet’s (a) gravitational potential energy (Eg) 

and (b) kinetic energy (Ek). 

Figure 3.11 shows the simulated contact angles of a water droplet at 200 ms, 

based on image analysis software (Digimizer), to evaluate the hydrophobic property 

of four different substrates. The average contact angles were 105.6° for the smooth 

surface and 130.95° for the P150 (revised) substrate. The measured apparent contact 

angle for the P150 (optimised) and the P110 (optimised) substrates were 151.1° and 

157.6° (> 150°) respectively, which classifies them as superhydrophobic surfaces. 

Furthermore, stable air pockets can be observed under the bottom of a water droplet in 

both. As shown in Figure 3.12, there are minor errors between the simulation results 

and the theoretically predicted result of the contact angle. Thus, the simulation results 

have a good agreement with the designed value. 
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(a)                                            (b)    

               

 (c)                                                 (d) 

Figure 3.11 Simulated contact angle of water droplet at 200 ms  for (a) smooth surface, 

(b) P150 (revised), (c) P150 (optimised) and (d) P110 (optimised). 

 

Figure 3.12 Comparison between simulation and the theoretical predicted value of 

contact angle. 
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3.4.2 Impacting behaviour of water droplet on varied substrates at Weber number 

of 7.26 

Section 3.4.1 explored the underlying mechanism of a water droplet during a 

quasi-static impacting process. In this section, a medium impacting velocity of 0.5m/s 

is applied to explore the dynamic rebounding behaviour of water droplets on different 

substrates. After the droplets impact the substrates, four stages of spreading, recoiling, 

rebounding and falling are performed until the energy is dissipated. Figure 3.13 

displays the 3D shapes and velocity vectors of a water droplet on various substrates at 

different times. In the spreading stage, the water droplet moves downward, which 

results in water flowing outward along the radial direction. At 2 ms, the water droplet 

has a maximum velocity of 0.89 m/s on substrate P150 (revised), and of 0.64 m/s and 

0.72 m/s on P150 (optimised) and P110 (optimised), respectively. As shown in Figure 

3.13 (a), with further increased time, the water droplet has an increased diameter; 

however, the transverse velocity at the edge of the droplet gradually decreases. Then, 

the centre of the water droplet keeps going down, as shown at 3ms, due to the impact 

of inertia force. However, the water droplet’s edge has an upward velocity due to the 

extrusion force from the water at the centre and lower position. As shown in the shape 

of the water droplet at 6 ms, the water at the central axis has a vertical upward velocity 

at the recoiling stage. As shown in Figure 3.13 (b) and (c), the water droplet shows 

similar behaviour on P150 (optimised) and P110 (optimised) substrates. However, for 

substrate P150 (revised), the water detaches from the substrate at 16 ms, while for 

P150 (optimised) and P110 (optimised), the water droplet requires just 13.4 ms and 12 

ms, respectively, to detach from the surface.  
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(c) 

Figure 3.13 Time evolution of water drops with impacting velocity 0.5 m/s at (a) P150 

(revised; We = 7.26, Case 5), (b) P150 (optimised; We = 7.26, Case 6) and (c) P110 

(optimised; We = 7.26, Case 7). 

Figure 3.14 presents the D* and h* of the droplet for three textured substrates 

at We 7.26 to quantitatively analyse the water droplet’s dynamic behaviour. D* can 

reflect the water droplet’s spreading and compressing during the impacting process. 

As shown in Figure 3.14 (a), the water droplet on the P150 (revised) substrate has the 

maximum value of D* (1.49) at 3 ms, which means the water droplet has the maximum 

spreading diameter at that moment. However, the P150 (optimised) and P110 

(optimised) substrates have a smaller peak value of D* compared with the P150 

(revised), which are 1.46 and 1.38, respectively. In the recoiling stage, the water 

droplet starts retracting from the moment of possessing maximum D* until detachment 

from the surface and entering the rebound stage. The adhesion force between the water 
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drop and the substrate is the “pull-off” force when the water drop separates from the 

surface [208]. Figure 3.14 (a) shows that P110 (optimised) has the shortest recoiling 

stage, which means the superhydrophobic surface has less adhesion force; hence, the 

water droplet can retract quickly. As shown in Figure 3.14 (b), h* was displayed to 

reflect the water droplet’s rebound behaviour in the impacting process. In the rebound 

stage, the h* value shows a steady increasing trend until the water droplet reaches the 

highest point. Thus, the point with the maximum h* value represents the end of the 

rising stage. The water droplet on P150 (revised) substrate has an extremely short (less 

than 1 ms) rising stage. However, the rebound time for the P150 (optimised) and P110 

(optimised) is approximately 11 ms. Thus, the simulation results proved that water 

droplets on the superhydrophobic substrates have shorter recoiling time and longer 

rebounding time than on the hydrophobic substrate. 

The rebound stage’s starting point can also be reflected in the variations of the 

air pockets’ average pressure at We 7.26, as shown in Figure 3.14 (c). The average 

pressure of the centre Gaussian hole in Figure 3.4 (b) was employed to represent the 

air pressure pocket due to the dynamic impacting process resulting in a varied area of 

the substrate being affected by the water droplet. The average air pressure is about zero 

(ambient pressure) due to the water droplet detachment from the surface during the 

rebound stage.  
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(c) 

Figure 3.14 Time evolution of (a) D*, (b) h* and (c) average pressure of air pocket 

(We 7.26). 

3.5 Summary 

In this chapter, a geometrical model for laser machined Gaussian micro holes, 

together with the theoretical constraints for a stable Cassie-Baxter state, were 

established for the first time to provide a good understanding of the superhydrophobic 

mechanism and to optimise the Gaussian hole dimensions. Then, CFD simulation was 

conducted to predict the hydrophobicity of the designed structures, and the conclusions 

are as follows: 

1. The design results prove that all the substrates (with the pitch varying from 

50–150 μm) can have predicted contact angles higher than 150° under a water droplet 

of 5 μL to realise superhydrophobicity. Furthermore, the maximum contact angle 

shows a decreasing trend with an increase in the microstructures’ pitch. 
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2. In a quasi-static impacting process (We = 0.026), the water droplet on the 

smooth surface acted as a damping vibration, and the air pockets’ pressure shows a 

declining trend with the transition from a Cassie-Baxter state to a Wenzel state for 

hydrophobic substrate P150 (revised). However, the superhydrophobic substrates 

P150 (optimised) and P110 (optimised) trapped a large volume of air with a high 

pressure at the bottom of structures resulting in a stable intermediate state and a Cassie-

Baxter state, respectively. Furthermore, the superhydrophobic substrate has the 

maximum potential energy and kinetic energy, which helps explain its low adhesion 

and self-cleaning properties. 

3. In the impacting process at a Weber number of 7.26, all the water droplets 

have experienced four stages of spreading, recoiling, rebounding and falling with 

viscous energy dissipation. With the increase of the three specimens’ hydrophobicity, 

the water droplet detachment occurs earlier, varying from 16 ms to 12 ms. Good 

hydrophobicity results in a smaller dimensionless diameter, and a larger dimensionless 

height. The simulation results also proved that water droplets on the superhydrophobic 

substrates have a shorter recoiling time and a longer rebound time than on the 

hydrophobic substrate. 

4. The minor errors between the simulation and the theoretical results of 

contact angles prove the VOF simulation is a practical approach to predict the wetting 

state and the apparent contact angle at an equilibrium state. 
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Chapter 4    Experimental Validation 

4.1 Introduction 

Chapter 3 presented the design approach and the CFD simulation results of the 

superhydrophobic surface with an array of Gaussian holes. However, an experimental 

investigation is still necessary to verify the design and simulation results. This chapter 

presents the experimental setup and methodology for the laser processing and 

characterisation of a superhydrophobic surface as well as the experimental validation 

results. 

4.2 Laser processing experiment hardware 

All the laser processing experiments were carried out on a hybrid ultra-

precision machine, as shown in Figure 4.1 (a). It is equipped with a nanosecond pulsed 

fibre laser which has a central emission wavelength of 1064 nm as shown in Figure 

4.1 (b). The laser source has a nominal average output power of 20 W and its maximum 

pulse repetition rate is 200 kHz. At a pulse repetition rate of 20 kHz, the average pulse 

duration is 100 ns and the pulse energy is 1 mJ. An achromatic doublet with a focal 

length of 26.054 mm was used to focus the laser beam. The achieved spot size is about 

15 μm in diameter. More detail information about laser parameters can be found in 

Table 3.1. During the laser processing operation, the laser beam passes through a lens 

and is focused on the specimen surface which is mounted on a precision X-Y-C stage. 

All the experiments are conducted in the ambient air environment. 
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(a) 

 

(b) 

Figure 4.1 Experimental setup for laser ablation trials: (a) hybrid ultra-precision 

machine; (b) IPG fibre laser.  
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4.3 Laser processing parameters 

4.3.1 Laser power (Pave) 

In the nanosecond pulsed laser ablation process, the absorbed energy from the 

laser pulse melts the stainless steel and heats it to a temperature at which the atoms 

gain sufficient energy to enter into a gaseous state. Due to the vapour and plasma 

pressure, the molten material is partially ejected from the cavity and forms surface 

debris. At the end of a pulse, the heat quickly dissipates into the bulk of the work 

material and recast layers are formed. The relationship between laser power, pulse 

repetition rate and peak power can be expressed as: 

 𝐸p =
𝑃ave

𝑓p
 (4-1) 

 𝑃peak =
𝐸p

∆𝜏
 (4-2) 

where 𝑃ave is laser average power, fp is pulse repetition rate, Ep is the energy of a single 

pulse, Ppeak is the peak power of laser and ∆𝜏 is the pulse duration, respectively. 

4.3.2 Exposure time (te) 

For a substrate with periodic Gaussian holes generated by the laser ablation 

process, the exposure time te means the machining time for a single Gaussian hole, 

which determines the number of laser pulses that irradiated the surface. It has a 

significant effect on the dimension and morphology of Gaussian holes. As shown in 

Figure 4.2, the relationship between the number of irradiated pulses, N, and exposure 

time, te, can be expressed as: 
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 𝑁 =
𝑡e

𝑇
 (4-3) 

where T is the pulse period. 

 

Figure 4.2 Schematic of periodic Gaussian holes machined by laser ablation. 

4.4 Surface preprocessing, post-processing and characterisation 

AISI 316L stainless steel (Goodfellow Ltd.) specimens were used in this 

research. Each specimen has a dimension of 10 mm × 10 mm × 2 mm. Before laser 

machining, all the specimens were machined by using a 6 mm diameter end mill to 

ensure the surfaces are smooth. The machined surface roughness Sa and Sz are 0.2 μm 

and 2.1 μm respectively after the planar milling operations. 
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Figure 4.3 shows the schematic of the methodology of laser ablated 

superhydrophobic surface. After the geometry model design and laser ablation 

process, the specimens were rinsed with deionised water in ultrasonic cleaning 

equipment for half an hour to remove the molten slags on the surface. Then, these 

specimens were degreased in an ultrasonic bath for 30 minutes in acetone and ethanol 

respectively. Finally, these specimens were dried in an oven. Before measuring the 

contact angle, these specimens were silanized in a vacuum oven using silane reagent 

(1H, 1H, 2H, 2H-Perfluorooctyltriethoxysilane, 97%, Alfa Aesar Ltd), at 100 °C for 

12 hours to reduce their surface free energies. Figure 4.4 illustrates the chemical 

reaction mechanism for the reaction in the silanization process. The interfacial 

condensation and polymerisation reactions occur between the hydroxyl groups of 

sample and ethoxy groups, transforming the Si–OCH2CH3 bonds into Si–O bonds. 

Thus, the treated surfaces exhibit the low surface energy because of the strong 

covalency and small polarizability of the C-F bond. 

The morphology of the laser structured surface was measured by a scanning 

electron microscope (SEM). Surface topography was measured by optical 3D surface 

measurement devices (i.e. Alicona G4 and Keyence VK-250). The contact angle was 

measured by a drop shape analyser DSA25B (Kruss Ltd.) after the silanization process. 

The selected water droplet volume was 5 μL. For each specimen, the apparent contact 

angle of the water droplet was measured three times and the average value was 

adopted. 

 



94 

 

 

Figure 4.3 Schematic of preparation of laser ablated superhydrophobic surface. 

 

Figure 4.4 Schematic of the silanization procedure. 

4.5 Dynamic impacting test of water droplets by a high-speed camera 

As shown in Figure 4.5, a high-speed camera (Phantom v2012) was used to 

capture images of the dynamic impacting process of water droplets on smooth and 

superhydrophobic substrates. The frame rate was set at 1000 fps in this test. As shown 

in Table 4.1, the water droplet with a volume of 5 μL was released from certain 
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distances to the surface to achieve contact impacting velocities of 0.5 m/s and 1 m/s 

respectively. 

 

Figure 4.5 Phantom v2012 high-speed camera. 

Table 4.1 Conditions of high-speed camera test. 

Volume of water 

droplet (μL) 

Distance (mm) Impacting velocity 

(m/s) 

Weber number 

5 12.7 0.5 7.26 

5 51 1 29 

 

4.6 Experimental validation results 

This section presents the experimental results to validate the design and 

simulation results. Moreover, the influences of processing laser power and pitch of the 

microstructures on the topography of the machined surface were investigated through 

laser ablation experiments. Subsequently, the water droplet contact angle was 

measured to evaluate the hydrophobicity of different specimens. The laser ablation 

parameters are listed in Table 4.2. The average laser power varies from 4 W to 14 W. 

The laser processing route for Gaussian holes is shown in Figure 4.6. The laser pulse 

exposure 0.4 s to form the first Gaussian hole A, then the laser shutdown and moved 
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to position B with a feed rate of 200 mm/min. The pitch P means the distance between 

the two adjacent holes. 

Table 4.2 The laser ablation parameters in the experiments. 

Laser power (W) Pulse repetition rate 

(kHz) 

Feed rate (mm/min) Exposure time (s) 

4, 6, 10, 14 100 200 0.4 

 

 

Figure 4.6 Schematic for laser processing route. 

4.6.1 Analysis of surface morphology  

The surface topography and dimensions of the machined structures vary with 

the laser power and the designed pitch. The SEM images of the surface topography of 

P110 series specimens (with pitch 110 μm) are shown in Figure 4.7. It can be seen that 

the micro holes are well separated when the laser power is 4W. With the increase of 

laser power, a large amount of material was vapoured and melted, the wall thickness 

between adjacent holes reduced gradually. Then, the recast layers formed on the 

circumference of the micro holes. The micro holes partially overlapped each other as 

P P

A

B

C

D
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the wall material melted and evaporated gradually to form the pillars. Moreover, the 

pillar width decreases with increasing laser power. 

        

(a)                                                                 (b) 

        

(c)                                                           (d)  

Figure 4.7 SEM images of P110 specimens at different laser power: (a) 4 W, (b) 6 W, 

(c) 10 W and (d) 14 W. 

The SEM images of specimens machined using a laser power of 14 W with 

micro holes of different pitches are shown in Figure 4.8. For a small pitch of 50 μm, 

the whole surface was ablated (as shown in Figure 4.8 (a)) due to the large proportion 

of the overlapping area. As the pitch is increased, the proportion of un-ablated surface 

increases and the surface starts to show rectangle pillars between the holes gradually, 

as shown in Figure 4.8 (b), (c) and (d). 
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(a)                                                                  (b)  

   

(c)                                                                   (d) 

Figure 4.8 SEM images of specimens ablated under laser power of 14 W with different 

pitches (a) 50 μm, (b) 70 μm, (c) 90μm and (d) 150μm. 

Figure 4.9 shows the 3D surface morphologies of machined surfaces with a pitch of 

130 μm. It can be seen that only a few materials are redeposited around the micro holes 

when using small laser powers of 4 W and 6 W. But some materials are deposited at 

the centre of holes due to weak evaporations. With the increase of laser power, the 

depth and diameter of the holes increase significantly, and more molten materials are 

deposited on the surface between the micro holes. Particularly, when laser power 

reaches 14 W, as shown in Figure 4.9 (d), the large volume of molten materials almost 
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cover the whole surface between micro holes, which results in a rough surface and 

periodic pillar structures. 

    

(a)                                                           (b) 

    

(c)                                                             (d) 

Figure 4.9 Surface morphologies under different laser powers for microstructures with 

a pitch of 130 μm (P130): (a) 4 W, (b) 6 W, (c) 10 W and (d) 14 W. 

4.6.2 Analysis of surface hydrophobicity 

In this section, static contact angles of water droplets were measured using the 

sessile drop method to characterise the hydrophobicity of the specimen surfaces, 

including a smoothly milled surface as a benchmark. A 5 μL droplet of deionised water 

was dropped on the smoothly milled specimen at atmospheric condition. A drop shape 

analyser DSA25B (Kruss Ltd.) captured the side view and the contact angles are 

calculated by image processing software on a PC. As shown in Figure 4.10, the contact 

200 μm
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angle θ is 86° for the smooth milled surface before silanization. After the silanization 

process, the contact angle θ is measured as 105°. 

           

(a)                                                      (b) 

Figure 4.10 Water droplet on the smooth milled surface (a) before and after (b) 

silanization.  

4.6.2.1 Effect of laser power and pitch of structure on surface hydrophobicity 

Figure 4.11 shows the captured images of the droplets in the contact angle 

measurements. As shown in Figure 4.11 (d), (e) and (f), the three specimens, P110-14 

W (i.e. pitch of 110 μm under laser power of 14 W), P090-10 W and P050-6 W show 

the larger contact angles.  As a comparison, the contact angle of the smooth surface 

with chemical treatments is only 105° in Figure 4.10. It is the laser textured 

microstructures that further improved the contact angle to 153.2°, which can be 

classified as superhydrophobic surface. 

 

(a)                                                  (b) 

θ = 86°2 mm θ = 105°2 mm

θ = 102°
2 mm

θ

θ = 103.5°
2 mm
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(c)                                           (d) 

     

(e)                                          (f) 

Figure 4.11  Water droplet shapes for different specimens: (a) P110-4 W, (b) P110-6 

W, (c) P110-10 W, (d) P110-14 W, (e) P050-6 W and (f) P090-10 W. 

As shown in Figure 4.12, the water droplet falls from the height of 2 mm (the distance 

between the bottom of water droplet and specimen) onto the specimen P110-14 W at 

a tilt angle of 3.5°. The water droplet is easy running off from the surface, which 

proved the low adhesion property of laser ablated superhydrophobic surface. 

 

Figure 4.12 Water droplet fall on specimen P110-14 W at a tilt angle of 3.5°. 
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Figure 4.13 shows the variations of water contact angle of the microstructured 

surfaces as a function of pitch and processing laser power. The error bar in the graph 

represents the minimum and maximum contact angle in three measurements for each 

specimen.  

The microstructured surface machined at 4W has the same level of surface 

contact angle as a smooth milled surface of 105°. As shown in Figure 4.7 (a) and Figure 

4.9 (a), there are few materials removed from specimens at the laser power of 4W. So 

the water droplet entirely wets the structures and results in a homogeneous liquid-solid 

interface as described in the Wenzel model. Besides, the surface contact angle 

decreases slightly when the pitch is chosen as 130 μm or 150 μm because the Wenzel 

state becomes dominant.  

For the specimens machined using a laser power of 6 W, the contact angle 

shows a gradually decreasing trend. For the specimens machined using laser powers 

of 10 W and 14 W, the variations of the surface contact angles are very similar. With 

increasing pitch, the contact angle rises to a peak value and then gradually decreases. 

Moreover, with increasing laser power, the pitch of the specimen with a maximal 

contact angle increases gradually. In particular, for the series with laser power of 6 W, 

the maximum contact angle is 144.7° when the pitch is 50 μm. For laser power of 10 

W, the maximum contact angle is 145.2° when the pitch is 90 μm. P110-14 W 

specimen shows superhydrophobicity among all specimens with a contact angle of 

153.2°. The above phenomenon can be explained as follows. With a laser power of 6 

W, less material was removed from the specimen than at 10 W and 14 W. Thus, with 

the increase in the laser power, the width of microhole, 6c, also increases because more 
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materials are removed from the specimen. Therefore, the surface contact angle is not 

only affected by the laser power, but also the pitch of microstructure.  

 

Figure 4.13 Effect of laser power and pitch on the hydrophobicity of laser ablated 

specimens. 

4.6.2.2 Effect of surface roughness on surface hydrophobicity 

The above analysis suggests that both the processing laser power and pitch of 

microstructure have significant influences on the hydrophobicity of AISI 316L 

stainless steel specimens. The influence of laser power on the contact angle is reflected 

from the surface roughness (Sz). As shown in Figure 4.14, the increase of surface 

roughness Sz leads to increasing contact angles under all pitches. The reason can be 

explained as follows: the droplet can touch the bottom of the hole and exhibits the 

Wenzel state when Sz has a small value. Moreover, for the specimen with small Sz, 

the droplet can remain in the Cassie-Baxter state, due to minor spaces for air pockets 

beneath the water droplet. The Cassie-Baxter state is metastable and is easily 

transformed to the Wenzel state. However, with the increase of Sz, the depth from 

peak to valley increases, so there are more spaces for droplet sag. The droplet will not 
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contact the bottom of microholes. Thus, large Sz is an essential condition to form a 

stable and robust Cassie–Baxter state.  

 

Figure 4.14 Influence of surface roughness on contact angles. 

4.6.3 Results comparison 

Figure 4.15 shows a comparison between the experimental and designed 

microstructure profiles. The specimen P150-14 W has a similar size with the designed 

specimen P150 (revised). Figure 4.16 shows the comparison of the predicted value of 

the contact angle with the measured value. For specimen P150 (revised), the actual 

width of the Gaussian hole is smaller than the optimised value 6c, as shown in Figure 

4.15 (a), which results in an increased fraction of solid-liquid contact area (f). 

Consequently, the actual contact angle is smaller than the predicted value, as shown in 

Figure 4.16. The specimen P110-14 W has a similar profile with the designed 

specimen P110 (optimised), as shown in Figure 4.15 (b). Hence, the actual contact 

angle 153.2° is also extremely close to the predicted value of 153.8°.  
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However, there are no specimens that have similar dimensions to P150 

(optimised). Hence, not all the designed profiles can be obtained in the experiments. 

The relationship between process parameters and superhydrophobicity must be 

explored to control the hydrophobicity according to the technical requirement.  

 

(a)  

 

(b) 

Figure 4.15 Comparison of design profile and experiments for specimens with pitches 

of (a) 150 μm and (b) 110 μm. 
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Figure 4.16 Comparison between the predicted, simulated and measured contact 

angles. 

4.6.4 High-speed camera test 

The sequential images of a simulated water droplet with a Weber number of 7.26 

impacting on the P150 (revised) specimen were compared with the test results of a 

high-speed camera on specimen P150-14 W. As presented in Figure 4.17, there is a 

good visual agreement between the water droplet’s simulated and real shapes during 

the spreading and initial recoiling stages (0–6 ms) due to inertia dominating the 

motion. However, unlike the simulation results, the water droplet in the experiment 

did not detach from the substrate at 16 ms. The actual laser ablated specimen is rougher 

than the 3D geometry model due to the existing slags and recast layers on the surface, 

as shown in Figure 4.15 (a), which results in larger solid-liquid contact area than the 

simulation. In the impacting process, the kinetic energy was gradually dissipated by 

the adhesion force between the solid and liquid and by the viscous force during the 
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recoiling stage. Hence, more kinetic energy is dissipated in the recoiling process and 

there is insufficient kinetic energy to raise the water droplet from the substrate in the 

experiments.  

  
(a)                                                           (b) 

Figure 4.17 Time evolution of water drops with impacting velocity 0.5 m/s: (a) 

simulation results of P150 (revised) and (b) captured images of P150-14 W. 

Similarly, the simulated and experimental images of a water droplet with a Weber 

number of 7.26 impacting the P110 (optimised) specimen are presented in Figure 4.18. 

The results also show good agreement in the spreading and recoiling stages. Regarding 

the simulation results, it was predicted that the water droplet would rebound from the 

substrate at 12 ms. However, the high-speed camera experiment shows that the time 

of detachment is 16ms. This minor error resulted from the morphology difference 

between the laser ablation experiment and the ideal geometry model.  

0 ms 1 ms

3 ms
6 ms
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(a)                                                           (b) 

Figure 4.18 Time evolution of water drops with impacting velocity 0.5 m/s: (a) 

simulation results of P110 (optimised) and (b) captured images of P110-14 W. 

According to Table 4.1, to show the low adhesion property of a water droplet on the 

superhydrophobic substrate, a higher impacting velocity of 1 m/s (We = 29) was 

conducted on the P150-14 W (hydrophobic substrate) and the P110-14 W 

(superhydrophobic substrate) as shown in Figure 4.19. The results show that the water 

droplet did not detach from P150-14 W; however, the droplet rebounded from the 

P110-14 W at 35 ms and 75 ms. 
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(b) 

Figure 4.19 High-speed camera captured images under impacting velocity 1 m/s of (a) 

P150-14 W and (b) P110-14 W. 

Therefore, the laser ablated superhydrophobic surface has a low adhesion force to the 

water droplet, which will enable this technology to be used in practical applications. 

4.7 Summary 

This chapter presented the details of the experimental setup, the methodology 

and the validation results for the proposed design method and simulation models. The 

conclusions are as follows: 

1. The contact angle is not only affected by the laser power, but also the 

microstructure’s pitch. Furthermore, for microstructures of the same pitch, the increase 

of surface roughness Sz leads to the increase of contact angle. 

2. The designed and simulated contact angles are in very good agreement with 

the experimental values, as the machined specimens P150-14 W and P110-14 W have 

similar dimensions to the designed profiles. 
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3. The experimental results also show that not all of the designed profile can 

be obtained in the experiments. There are no machined specimens that have a similar 

profile with P150 (optimised). Therefore, further exploration of the relationship 

between process parameters and hydrophobicity is needed to accurately control the 

superhydrophobicity of the AISI 316L stainless steel. 

4. The dynamic impact behaviour of a water droplet at a Weber number of 7.26 

proved that the simulation results have good agreement with high-speed camera test 

results, and the minor deviation was due to the laser ablated specimens being rougher 

than the simulation model. 

5. The high-speed camera test of a water droplet at a Weber number of 29 

showed that the water droplet did not detach from P150-14 W; however, the droplet 

rebounded from P110-14 W at 35 ms and 75 ms. This proves that the laser ablated 

superhydrophobic surface (P110-14 W) has a lower adhesion force than the 

hydrophobic surface (P150-14 W). 
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Chapter 5    Process and Product Fingerprints for a Laser 

Ablated Superhydrophobic Surface 

5.1 Introduction 

The literature review indicates that the laser machining parameters would 

significantly affect the specimen’s hydrophobicity, and the surface topography is a 

crucial factor in determining the specimen’s superhydrophobicity. However, there has 

been little systematic research exploring the correlation between surface topography 

and a specimen’s hydrophobicity.  

Furthermore, according to the results of Chapter 4, not all the designed profile 

can be obtained in the experiments. Therefore, further exploration of the relationship 

between process parameters and hydrophobicity is needed to accurately control the 

superhydrophobicity of the AISI 316L stainless steel. 

To address these challenges, one must determine the most effective process 

and surface characterisation parameters for these microstructures that are sensitive to 

the hydrophobicity of substrates. This chapter proposes the concepts of process and 

product fingerprints as critical measurable characteristics for determining the required 

surface topography and process parameters for a superhydrophobic surface. Therefore, 

process and product fingerprints are expected to provide a solution to the so-called 

inverse problem in manufacturing, which means the laser machining parameters and 

surface characterisation parameters can be determined according to the required 

hydrophobicity (i.e. contact angle). 

First, an analysis of the potential process and product fingerprint candidates is 

conducted. Then, the most appropriate product fingerprint is determined from 
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Spearman and Kendall rank correlation coefficients, according to the experimental 

results. Third, a new process parameter is chosen as the best process fingerprint. 

Finally, the correlation between process fingerprint and functional performance (i.e. 

contact angle) is explored. 

5.2 Definition of process and product fingerprints 

The concept of “product fingerprint” refers to those unique measurable 

characteristics (e.g. surface characterisation parameters) on the laser ablated specimen 

that, if kept under control and within specifications, will ensure that the specimen 

possesses superhydrophobicity as required. The product fingerprint must also be 

sensitive to the variations of the process parameters. Hence it can be well-controlled 

by process parameters. For the laser ablation process, since the surface characterisation 

parameters are highly related to laser machining parameters, the “Process fingerprint” 

is defined as a specific process parameter to be controlled in order to maintain the 

manufacture of the specimen within the specified surface characterisation parameters. 

The product and process fingerprints can be used as an objective function within an 

optimisation tool to assist in determining the required surface topography and process 

parameters for the superhydrophobic surface. 

Figure 5.1 illustrates the concept of process and product fingerprints in the laser 

ablation process for obtaining the superhydrophobic surface with an array of Gaussian 

holes of designed geometry. The comparison of all the potential candidates of process 

and product fingerprints will be discussed in detail later. Most of the research 

performed to date has focused on correlation A (i.e. the effect of laser machining 

parameters on the contact angle of specimens). However, correlation A is composed 

of correlation B and C. Correlation B refers to the relationship between contact angle 
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and product fingerprint, which is used to explain the underlying mechanism of effect 

of surface topography on hydrophobicity. Correlation C can describe the relationship 

between the process fingerprint and product fingerprint, to explore how the process 

parameters affect the surface topography. Thus, product fingerprint is a bridge to 

connect between the process parameters and the functional performances (e.g. contact 

angle). 

  

Figure 5.1 Concept of the process and product fingerprints in the laser ablation of the 

superhydrophobic surface. 

5.2.1 Analysis of process fingerprint candidates 

According to the analysis in section 4.3, the laser power is a good candidate 

for the process fingerprint as it determines the laser fluence which directly affects the 
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formation of Gaussian holes. Moreover, exposure time te determines the number of 

laser pulses that irradiated the surface. It also has a significant effect on the dimension 

and morphology of Gaussian holes.  

Is means the average laser pulse energy irradiated on a unit area of the 

specimen. This parameter depends on pulse repetition rate fp and exposure time te. It 

can be expressed as: 

 𝐼𝑠 =
𝑡e ∗ 𝑓p ∗ 𝐸p(

𝐿
𝑃)2

𝐿2
 

(5-1) 

where P is the pitch of Gaussian holes, and L is the length of the specimen. 

According to Equation 4-1, 𝑓p ∗ 𝐸p = 𝑃ave , hence Equation 5-1 can be 

simplified as: 

 𝐼𝑠 =
t𝑒 ∗ 𝑃ave

𝑃2
  (5-2) 

Thus, the candidates of the process fingerprint include the laser power, 

exposure time, laser pulse energy per unit area of the specimen. 

5.2.2 Analysis of product fingerprint candidates 

In literature, two typical models (i.e. the Wenzel and Cassie-Baxter models) 

have been developed to describe the behaviour of a droplet on rough surfaces [16,17]. 

According to the Wenzel model, the water droplet maintains contact with the structures 

and penetrates the asperities, and the surface contact area is increased. Alternatively, 

according to the Cassie-Baxter model, the droplet is not able to penetrate the 

microstructure spaces. However, in order to ensure that the droplet does not connect 

with the bottom of the microstructures, the sag in height of water droplet between 

microstructures should be smaller than the depth of microstructures. Moreover, deep 
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microstructures will help form stable air pockets under the water droplet. Stable air 

pockets underneath the water droplet promote the formation of superhydrophobicity 

with strong resistance against the transition to the Wenzel state. 

The above analysis proves that the contact angles obtained in both Wenzel and 

Cassie-Baxter states are highly related to the vertical and horizontal features of the 

surface topography. Six surface characterisation parameters that most probably 

correlated with the hydrophobicity of specimens are listed in Table 5.1. Sa, Sz and Sku 

are roughness parameters to characterise the height of the surface. Sdr, Sdq, Rhy are 

hybrid parameters which determined from both height and horizontal parameters of 

the surface. For a rough surface, Sdr means the additional surface area contributed by 

the texture as compared to the planar definition area. Therefore, 1+Sdr has the same 

meaning as the roughness factor r in the Wenzel state.  

Theoretical analysis proved that microstructures should have a high aspect 

ratio to provide a larger surface area and a smaller separation distance which will 

improve the stabilisation of the solid-liquid–air composite interface [47]. However, the 

present functional parameters cannot reflect the aspect ratio of surface asperities. 

Hence, Rhy is proposed for the first time as a dimensionless functional parameter in 

this research and is defined as the average ratio of Rz to Rsm. The subscript “hy” is 

the short abbreviation of hydrophobicity. The Rhy is calculated from the average value 

of 60 lines that evenly distributed on the structured surface horizontally and vertically. 

A surface with large Rhy can be obtained from a large Rz or smaller Rsm, which means 

the features of the surface should have a large depth or small separation distance (i. e. 

high density) in the horizontal direction. 
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Table 5.1 Product fingerprint candidates. 

Name Symbol Meaning 

Arithmetical mean 

height 

Sa The difference in height of each point compared to the 

arithmetical mean of the surface. 

Maximum height Sz The sum of the largest peak height value and the largest pit depth 

value within the defined area. 

Kurtosis Sku A measure of the sharpness of the roughness profile. 

Sku < 3: Height distribution is skewed above the mean plane. 

Sku = 3: Height distribution is normal. (Sharp portions and 

indented portions co-exist). 

Sku > 3: Height distribution is spiked. 

Developed 

interfacial area ratio 

Sdr The percentage of the definition area's additional surface area 

contributed by the texture as compared to the planar definition 

area. 

Root mean square 

gradient 

Sdq Root mean square of slopes at all points in the definition area. 

When a surface has any slope, its Sdq value becomes larger. 

Average ratio of Rz 

to Rsm 

Rhy Average ratio of the maximum height of profile (Rz) and mean 

width of the profile elements (Rsm) 

5.2.3 Laser ablation experiments 

Laser ablation experiments were carried out on AISI 316L stainless steel by 

varying the process parameters to identify the best product and process fingerprints as 

listed in Table 5.2 and Table 5.3. 

Table 5.2 The laser ablation parameters with varied laser power and pitch. 

Pitch 

(μm) 

Laser Power 

(W) 

Pulse Repetition 

Rate (KHz) 

Feed Rate 

(mm/min) 

Exposure 

Time (s) 

Pattern Types 

90 4,6,10,14,20 100 200 0.4 Gaussian holes 

110 4,6,10,14,20 100 200 0.4 Gaussian holes 

130 4,6,10,14,20 100 200 0.4 Gaussian holes 

150 4,6,10,14,20 100 200 0.4 Gaussian holes 
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Table 5.3 The laser ablation parameters with varied exposure time and pitch. 

Pitch 

(μm) 

Laser 

Power (W) 

Pulse Repetition 

Rate (KHz) 

Feed Rate 

(mm/min) 

Exposure 

Time (s) 

Pattern types 

70 20 100 200 0.2,0.4,0.6,1 Gaussian holes 

90 20 100 200 0.2,0.4,0.6,1 Gaussian holes 

110 20 100 200 0.2,0.4,0.6,1 Gaussian holes 

130 20 100 200 0.2,0.4,0.6,1 Gaussian holes 

150 20 100 200 0.2,0.4,0.6,1 Gaussian holes 

5.3 Product fingerprint 

The investigation of experimental results was carried out to identify the product 

fingerprint from six candidates related to surface topography. The product fingerprint 

is the indicator that has the highest level of correlation to contact angle. In this research, 

the Spearman rank correlation coefficient and Kendall rank correlation coefficient 

were employed to determine the product fingerprint. Spearman rank correlation 

coefficient evaluates how strong a monotonic function can define the correlation 

between two variables. It measures the strength and direction of the monotonic 

association between two variables, a perfect Spearman correlation of +1 or -1 occurs 

when each variable is a perfect monotone function of the other [209]. A positive 

Spearman correlation coefficient corresponds to an increasing monotonic trend 

between two variables, while a negative value means a decreasing monotonic trend. 

Besides, the Spearman rank correlation coefficient is appropriate for data that is not 

normally distributed. It can be used to identify a non-linear correlation between the 

two variables. Kendall rank correlation coefficient is a statistic used to measure the 

ordinal association between two variables [210]. However, unlike the Spearman 

coefficient, Kendall rank correlation coefficient only considers directional agreement 

while does not consider the difference between ranks. Therefore, this coefficient is 
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more appropriate for discrete data. This coefficient returns a value of −1 to 1, where 0 

is no correlation, 1 is a perfect positive correlation, and −1 is a perfect negative 

correlation. 

In most cases, the interpretations of Spearman and Kendall rank correlation 

coefficients are very similar and thus invariably lead to the same inferences. The above 

two coefficients were combined to determine the product fingerprint that has the 

maximum absolute value. The strength of the correlation between the variables can be 

evaluated by the absolute value of coefficients, as shown in Table 5.4. 

Table 5.4 Interpretation of the strength of the correlation coefficient. 

Value of Coefficient Correlation Type 

1 Perfect correlation 

0.81–0.99 Strong correlation 

0.71–0.80 Good correlation 

0.51–0.70 Weak correlation 

0.01–0.50 Poor correlation 

0 No correlation 

 

Figure 5.2 shows scatter plots between the contact angle and the six candidates 

of product fingerprint. With the increase of Sa, Sz, Sdr, Sdq and Rhy, the contact angle 

shows an increasing trend. It should be noted that a significant linear relationship 

appears between Sz and contact angle. However, it can be observed that there is no 

apparent correlation between Sku and contact angle (Figure 5.2 (c)). The increasing 

Sdr from 0.02 to 4.1 leads to contact angle increase rapidly from 89.5° to 159°, but it 

has minor impact on the contact angle when Sdr was further increased from 4.1 to 9.8 

as shown in Figure 5.2 (d). Besides, Figure 5.2 (f) indicates that the contact angle 



119 

 

increases gradually from 89.5° to 164° with the value of Rhy increasing from 0.06 to 

0.94.  

 

(a)                                                     (b) 

 

(c)                                                 (d) 

 

(e)                                               (f) 

Figure 5.2 Influences of the product fingerprint candidates on the contact angle for 

Gaussian hole pattern: (a) Sa, (b) Sz, (c) Sku, (d) Sdr, (e) Sdq and (f) Rhy. 

0 5 10 15 20 25
80

100

120

140

160

180

C
o

n
ta

ct
 a

n
g

le
 (
)

Sa (m)
0 20 40 60 80 100 120 140 160 180 200

80

100

120

140

160

180

C
o

n
ta

ct
 a

n
g

le
 (
)

Sz (m)

0 5 10 15 20 25 30
80

100

120

140

160

180

C
o

n
ta

ct
 a

n
g

le
 (
)

Sku
0 2 4 6 8 10

80

100

120

140

160

180

C
o

n
ta

ct
 a

n
g

le
 (
)

Sdr

0 1 2 3 4 5 6
80

100

120

140

160

180

C
o
n
ta

ct
 a

n
g
le

 (
)

Sdq

0.0 0.2 0.4 0.6 0.8 1.0
80

100

120

140

160

180

C
o
n
ta

ct
 a

n
g
le

 (
)

Rhy



120 

 

Figure 5.3 shows the variations of Spearman and Kendall rank correlation 

coefficient between contact angle and candidates of product fingerprint. According to 

the criterion in Table 5.4, Sz and Rhy both have a strong correlation with the contact 

angle; the Spearman rank correlation coefficients are 0.89 and 0.92 respectively. The 

Kendall rank correlation coefficients of Sz-contact angle and Rhy-contact angle are 

0.74 and 0.76, respectively. Thus, Figure 5.3 suggests that Rhy should be determined 

as the best product fingerprint as it has the maximum Spearman and Kendall rank 

correlation coefficients. 

 

Figure 5.3 Spearman and Kendall rank correlation coefficient between the contact 

angle and six candidates of product fingerprint. 

According to the results in Figure 5.2 (f), an empirical equation was deduced 

to correlate the experimental Rhy and contact angle. The equation is expressed as: 
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where 𝜃 is the apparent contact angle of the specimen; 𝑋1, 𝑋2 and 𝑋3 are coefficients 

equal to 164, 105 and −4.9 respectively. 

As shown in Figure 5.4 (a), the regression curve has excellent accuracy for 

simulating the experimental data. It was found that the coefficient “ 𝑋1 ” is the 

maximum contact angle (164° in this research), the value of “𝑋2” is equal to the initial 

contact angle (105°) of AISI 316L stainless steel after chemical modification. Thus, 

the contact angle of the specimen is highly related to its maximum contact angle, initial 

contact angle on a smooth surface and hydrophobicity functional parameter Rhy. 

According to Equation 5-3, the value of Rhy is 0.41 when 𝜃 = 150°. Thus, 0.41 can be 

regarded as the threshold value of Rhy that ensure water contact angle of the specimen 

higher than 150°. 

The dimensionless ratio Rhy is the most sensitive candidate parameter for the 

contact angle of the specimen, which can, therefore, be regarded as product fingerprint. 

In literature, many studies proved that a high density of microstructures and smaller 

period of microstructure help decrease solid-liquid contact area and increase its 

hydrophobicity [211,212]. With the increase of Rhy from 0.138 to 0.943 (Figure 5.4 

(b)), Rsm decrease from 137.0 μm to 81.8 μm. Therefore, the density of peaks shows 

a significant increasing trend. Moreover, the depth of microstructures shows an 

increasing trend, due to average Rz increased from 18.9 μm to 77.2 μm. Therefore, it 

can be concluded that the superhydrophobicity will benefit from the increase of Rhy. 
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(a) 

 

(b) 

Figure 5.4 (a) Fitted line by exponential function between Rhy and contact angle; (b) 

surface morphology and shape of water drops on specimens with a different value of 

Rhy. 
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5.4 Process fingerprints 

The above section proves that Rhy is the most appropriate product fingerprint 

to the laser ablated superhydrophobic structures on AISI 316L stainless steel. In this 

section, further analysis of the experimental results will be performed to identify which 

process fingerprint candidate (i.e. Pave, te and Is) has the strongest correlation with Rhy 

The control of process fingerprints helps to choose appropriate process parameters to 

obtain a surface with Rhy greater than the threshold value (Rhy > 0.41). The correlation 

among laser power, the pitch of Gaussian hole and Rhy is shown in Figure 5.5. It shows 

that higher laser power and smaller pitch lead to a higher value of Rhy. Laser power 

and pitch of structures have combined effects on the value of Rhy. 

 

Figure 5.5 3D colourmap of the product fingerprint (Rhy) as a function of laser power 

and pitch of Gaussian hole. 

The effect of exposure time and pitch of Gaussian holes on the value of Rhy is 

presented in Figure 5.6. There is no significant linear correlation between exposure 

time and Rhy, but this does not mean the exposure time has no effect on Rhy. As a 
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whole, it can be found that the value of Rhy shows a significantly increasing trend with 

the reduction of the pitch from 150 μm to 70 μm. 

 

Figure 5.6 3D colourmap of the product fingerprint (Rhy) as a function of exposure 

time and pitch of Gaussian holes. 

The above analysis shows that laser power, pitch and exposure time have a 

collective influence on Rhy. Focusing on one of them and ignoring the other two would 

lead to a situation that the determined correlation is only valid in certain partial 

conditions. For instance, the Rhy will increase with laser power, but this is only valid 

at a precondition of constant pitch and exposure time. Therefore, a comprehensive 

factor Is was designed to represent the combined influence of laser power, pitch and 

exposure time. Is means the energy intensity that irradiated on the unit area of the 

specimen and can be calculated by Equation 5-2. Is is proportional to the laser power 

Pave and the exposure time te, but inversely proportional to the square of the pitch of 

the microstructures.  Figure 5.7 reveals that the increasing Is leads Rhy to increase 

rapidly at first, and then level off to become asymptotic to the upper limit. The presence 

of the upper limit means that further increases in laser power, exposure time and 
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smaller pitch cannot lead to a further increase in Rhy. The correlation between Is and 

Rhy can be expressed as Equation 5-4. According to the calculation result, Is should be 

greater than 536 J/mm2 to ensure that Rhy is greater than 0.41. Hence the contact angle 

of the specimen will be larger than 150°.  

 Rhy = 0.895 − 0.898 ∗ 0.9985𝐼𝑠 (5-4) 

 

Figure 5.7 Scatter plots and fitted curve of Rhy and Is. 

Therefore, the increased Is leads to increase of Rhy rapidly; the exponential 

function can describe the correlation between Is and Rhy. Is is the most sensitive 

parameters among the investigated three process fingerprint candidates, so it is the best 

process fingerprint that can be used to control surface morphology, especially the 

product fingerprint Rhy. 

5.5 Correlation between laser ablation parameters and contact angle 

As shown in Figure 5.8, 3D colourmaps are used to display the relationship 

between laser power, exposure time, the pitch of structures and contact angle. To sum 
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up, the higher contact angle benefits from larger laser power and smaller pitch of 

microstructures except for some outliers. 

   

(a)         

 

(b) 

Figure 5.8 (a) 3D colourmap of the contact angle as a function of laser power and pitch 

of microstructures; (b) 3D colourmap of the contact angle as a function of exposure 

time and pitch of microstructures. 
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Figure 5.9 (a) shows the scatter diagram and fitted curve between contact angle 

and Is. The increasing Is results in a rapid increase of contact angle at first, and then 

level off to become asymptotic to the upper limit when Is greater than 1000 J/mm2. 

The empirical correlation between contact angle and Is can be expressed by Equation 

5-5. When the value of Rhy equals to the threshold value of 0.41, the corresponding Is 

516.6 J/mm2, which is very close to the value of 536 J/mm2 obtain from Equation 5-4. 

Therefore, Is should be greater than 536 J/mm2 in the laser ablation process, which 

help ensure the contact angle larger than 150°. 

 𝜃 = 𝑋1 − 𝑋2 ∗ e𝑋4∗𝐼𝑠 (5-5) 

where, 𝑋1 = 164, 𝑋2 = 105, 𝑋4 = −0.0039. Coefficients of 𝑋1 and 𝑋2 have the same 

meaning as Equation 5-3. 

The surface morphology and shape of water drops on specimens with different 

values of Is are shown in Figure 5.9 (b). With the increase of Is, the depth and density 

of structures show a significant increasing trend. Thus, the surface topography and 

contact angle can be well controlled by choosing the appropriate process parameter Is. 
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(b) 

Figure 5.9 (a) Scatter plot and fitted curve between contact angle and Is; (b) surface 

morphology and shape of water drops on specimens with a different value of Is. 

5.6 Summary 

In this chapter, the concepts of process and product fingerprints were proposed 

for the first time to reveal the correlations among process parameters, surface 

topography and functional performance (i.e. the contact angle of laser ablated 

superhydrophobic surface on AISI 316L stainless steel). Spearman and Kendall rank 

correlation coefficients determined the most appropriate product fingerprint. Then, the 

candidate that was most sensitive to the product fingerprint was determined the best 

process fingerprint. Finally, the correlation between the process fingerprint and 

functional performance was developed. The conclusions are as follows: 

1. The dimensionless surface functional characterisation parameter Rhy (i.e. the 

average ratio of Rz to Rsm) is the most sensitive parameter to the specimen’s contact 

angle, which can be regarded as the product fingerprint. 
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2. Laser pulse energy per unit area on the specimen (Is) represents the combined 

effects of laser power, exposure time and structure pitch on surface topography, and it 

is the best process fingerprint that can be used to control the product fingerprint Rhy. 

3. Increasing Is leads to the Rhy value increasing rapidly at first and then 

levelling off to become asymptotic to the upper limit. A similar trend can also be found 

between Is-contact angle and Rhy-contact angle. The threshold values of Rhy and Is are 

0.41 and 536 J/mm2, respectively, ensuring the specimen’s superhydrophobicity 

(contact angle larger than 150°) in the laser ablation process. 
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Chapter 6    A Sequential Process for Manufacturing 

Nature-inspired Anisotropic Superhydrophobic Structures 

6.1 Introduction 

Surfaces with anisotropic superhydrophobicity have great potential 

applications in drug delivery and microfluidic devices due to their unique properties 

of drag reduction and unidirectional fluid transportation. Observations of natural 

biological surfaces have proven that directional microstructures are indispensable for 

realising anisotropic superhydrophobicity. However, current lithography-based 

manufacturing approaches have limited scalability for real-world industrial 

applications. This chapter proposes a sequential process of laser ablation and chemical 

etching (LA-CE), for the first time, to manufacture ratchet-like microstructures on 

AISI 316L stainless steel by harvesting the advantages of both processes. The laser 

ablation will form the undesired oxide and recast layers, which often result in short 

service life and poor surface quality. These layers can be easily removed in the 

chemical etching process, then the periodic ratchet-like microstructures can be 

obtained simultaneously. Evaluation experiments will be conducted to test the 

performance of the fabricated microstructure surfaces. 

6.2 Work principle of LA-CE and experimental setup 

6.2.1 Work principle of LA-CE 

The schematic of the LA-CE process is illustrated in Figure 6.1. The laser 

pulses are firstly focused on the specimen by an objective lens, inducing 

microchannels on the specimen. The laser pulses will be obliquely irradiated on the 
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specimen surface due to the resultant motion of the work stage in the feed and pulsed 

directions and result in asymmetric ratchet-like recast layers. The laser ablated 

specimen is then treated by an aqueous solution of ferric chloride hexahydrate (32g 

FeCl3 · 6H2O, 3 ml of 37% HCl, 3 ml of 85% H3PO4, 120 ml H2O) to remove the oxide 

layer and laser-induced recast layers and to obtain periodic ratchet-like laminar 

structures. Lastly, the same post-process with section 4.3 was employed to reduce 

surface free energy and achieve its superhydrophobicity. Furthermore, Figure 6.1 also 

shows the images of the specimen by the laser ablation and LA-CE processes, 

respectively. The specimen of laser ablation shows a black colour due to the oxide 

layer laser formed in the laser ablation process, and this was confirmed using X-ray 

diffraction patterns (XRD) as shown in Figure 6.4. However, the specimen prepared 

by LA-CE process shows a similar colour to the unprocessed surface. 

 

Figure 6.1 Schematic illustration of the manufacturing process (LA-CE) of 

superhydrophobic ratchet structures. 
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6.2.2 Materials and experimental setup 

AISI 316L stainless steel was used as the experimental material in this 

experiment. Identically to section 4.3, the stainless steel plates were machining by a 

flat end mill (with a diameter of 6 mm). The details of the operational conditions for 

the experiments are shown in Table 6.1. The fourth group in Table 6.1 is chosen as the 

control group to display the relationship between the direction of laser beam feed and 

microstructures. The schematics of unidirectional and bidirectional feed directions are 

shown in Figure 6.2.  

Table 6.1 Operational conditions for experiments. 

Number Pitch 

(μm) 

Laser power 

(W) 

Frequency 

(KHz) 

Feed rate 

(mm/min) 

Feed direction 

1 25 10 20 30 Unidirectional 

2 25 15 20 30 Unidirectional 

3 25 20 20 30 Unidirectional 

4 25 20 20 30 Bidirectional 

5 50 10 20 30 Unidirectional 

6 50 15 20 30 Unidirectional 

7 50 20 20 30 Unidirectional 

 

   

(a)                                                               (b) 

Figure 6.2 Schematic of feed directions: (a) unidirectional and (b) bidirectional. 
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6.3 Experimental results and discussion 

6.3.1 Surface morphologies and composition 

The morphologies of specimens prepared by LA-CE process are presented in 

Figure 6.3. In the laser ablation process, the molten materials are partially ejected from 

the cavity and form surface debris. Meanwhile, the oxidation reaction can occur with 

the molten materials. At the end of a pulse, the heat quickly dissipates into the bulk of 

the work material and the oxide layers and recast layers are formed as shown in Figure 

6.3 (a).  

During the chemical etching process, the oxide layers and recast layers were 

removed from the surface, and the laminar microstructures were formed. As shown in 

Figure 6.3 (b), (c), (d), (f), (g), (h), the direction of the tilted microstructures is towards 

the laser beam feed direction. To verify the above phenomena, the specimen 4 was 

processed by employing bidirectional laser beam feed. As expected, bidirectional 

microstructures were formed as shown in Figure 6.3 (e). Therefore, it can conclude 

that the direction of microstructures can be well-controlled by the laser beam feed 

direction. 

At the laser power of 10 W (Figure 6.3 (b)), the surface morphologies are 

laminar periodic microstructures with clear boundaries between the adjacent rows and 

well-separated by ridges. However, the adjacent rows of microstructures are connected 

when the laser power is further increased to 15 W and 20 W, and no ridges are observed 

after the chemical etching process. This is because the increased laser power results in 

thicker recast layers. Both the depth and width of the etched microstructures increase 

with increasing laser power. At a larger pitch of 50 μm, the width and depth of 
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microstructures show a similar increasing trend with laser power increase, as shown 

in Figure 6.3 (f), (g), (h). Furthermore, it can be observed that the depth of 

microstructures shows an increasing trend with increasing laser power. Thus, the width 

and depth of microstructures are determined by both the pitch of microstructures and 

the laser power. 
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Laser beam feed direction
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(f) 

  

(g) 

  

(h) 

Figure 6.3 SEM images (left) and high-magnification images (right) of Specimens: (a) 

Specimen 1 with a pitch of 25 μm after laser ablation; (b),(c),(d),(e),(f),(g),(h) surface 

morphologies of specimens 1 to 7 manufactured by LA-CE process. 
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Figure 6.4 shows the XRD of smooth surface, laser ablated surface and surface 

fabricated by hybrid laser ablation and chemical etching process of AISI 316L stainless 

steel. In Figure 6.4 (a), four sharp diffraction peaks correspond to the XRD pattern of 

austenite and one peak for ferrite. For the laser-ablated surface, it was found that 

austenite, Fe3O4 and Fe2O3 were recognised on the XRD pattern (Figure 6.4 (b)). 

Figure 6.4 (c) shows that there is no iron oxide on the surface machined by the hybrid 

laser ablation and chemical etching process. 

 

Figure 6.4 X-ray diffraction pattern of AISI 316L stainless steel at different process: 

(a) smooth surface, (b) laser ablation and (c) LA-CE process. 
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The above results proved that the main components of the oxide layer are Fe3O4 

and Fe2O3 on the specimen. Hence, the details of the chemical reaction can be 

expressed as:   

 Fe3O4 + 8 HCl → FeCl2 + 2 FeCl3 + 4 H2O (6-1) 

 3Fe3O4 + 8 H3PO4 → 6 FePO4 + Fe3(PO4)2 + 12 H2O (6-2) 

 Fe2O3 + 6 HCl → 2 FeCl3 + 3 H2O (6-3) 

 Fe₂O₃ + 2 H₃PO₄ → 2 FePO₄ + 3 H₂O (6-4) 

 Fe+2 FeCl3 → 3 FeCl2 (6-5) 

As shown in the above chemical equations, the oxide layer will react with acid 

to form the corresponding salt and water. And the iron will react with ferric chloride 

to produce iron (II) chloride simultaneously. 

6.3.2 Anisotropic superhydrophobicity of specimens 

Figure 6.5 (a) shows the captured images of water droplets on different 

specimens. Figure 6.5 (b) shows the variations of the contact angle of the machined 

surfaces versus pitches obtained under different laser power. The contact angles for 

the specimens with the pitch of 25 μm are similar when the average laser power 

increased from 10 W to 20 W, which are 156.1°, 155.6°, 158.2° respectively. However, 

increasing laser power will cause the contact angle to increase significantly from 

137.6° to 157.1° for specimens with a larger pitch of 50 μm. The larger laser power 

results in a larger laser ablation area and smaller unstructured region. Moreover, it 

further leads to a smaller solid-liquid contact area, which is beneficial to the 

hydrophobicity of the specimen.  
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(a) 

 

(b) 

Figure 6.5 (a) Captured images of water droplets; (b) variations of contact angle versus 

pitches for different laser power. 

Figure 6.6 shows the anisotropic superhydrophobicity of Specimen 3. A 5 μL 

drop has a rolling-off angle of 7° when the dip direction of the specimen is the same 
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(4) 137.6° (5) 149.4° (6) 157.1°
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as the laser beam feed direction. However, the water droplet shows a pinning state in 

the opposite direction, due to exist of the taper-ratchet structures.  

 

Figure 6.6 Anisotropic superhydrophobicity of specimen 3 (pitch 25μm at laser power 

of 20W). 

The phenomenon of the directional move of water droplet along the tilt 

orientation of microstructures have been found and theoretically explained in some 

research [213–215]. C.W. Extrand found that liquid drops tend to move preferentially 

in the direction of dip on asymmetric sawtooth surfaces [213]. The theoretical analysis 

results suggest that the increasing feature asymmetry will result in an increase in the 

difference between the retention force in one direction versus the other [213]. 

Figure 6.7 (a) shows the wetting state of a water droplet for different dip 

directions. For a given tilt angle α, there is a downslope gravitational force Fd on the 

water droplet: 

 𝐹𝑑 = 𝐹𝑔 sin 𝛼 = 𝜌w𝑔𝑉sin𝛼 (6-6) 

where 𝐹𝑔 is the gravity of water droplet, ρw is the density of water, 𝑔 is the gravitational 

acceleration and V is the drop volume.  
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The retention force of the substrate to water droplet in two directions are F1 

and F2, which is the consequence of contact angle hysteresis and causes droplets to 

adhere to surfaces [214]. 

F1 is the retention force when the downslope gravitational force Fd is opposite 

to the laser beam feed direction. F2 is the retention force when the downslope 

gravitational force Fd is in the same direction as the laser beam feed. 

For a given tilt angle α, the downslope gravitational force Fd is greater than the 

retention force F1 or F2 is an essential condition for rolling off from the substrate of 

the water droplet. Figure 6.7 (b) illustrated the asymmetric feature with rising angles 

of ω1 and ω2. The ratio of retention force F1 and F2 can be expressed as [213,214]: 

 𝐹1/𝐹2~
sin (𝜔1 +

1
2 ∆𝜃)

sin (𝜔2 +
1
2 ∆𝜃)

 (6-7) 

 ∆𝜃 = 𝜃ADV − 𝜃REC (6-8) 

where ∆𝜃 is the differential of the advancing angle 𝜃ADV and receding angle 𝜃REC. 

As shown in Figure 6.7 (b), ω1 is greater than ω2; hence, the retention force F1 is larger 

than F2. The downslope gravitational force Fd is easier to overcome the retention force 

F2 than F1. Hence, the water droplet easily rolling off the surface when Fd is in the 

same direction as the laser beam feed. 
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α α

Fd

F2 Fd
F1

FgFg

Laser beam feed direction

Rolling Pinning

Laser beam feed direction



142 

 

 

(b) 

Figure 6.7 (a) Wetting states of a water droplet at different dip directions; (b) retention 

force of asymmetric feature with rising angles of ω1 and ω2. 

6.4 Summary 

In this chapter, the LA-CE process was developed to generate anisotropic 

superhydrophobic structures on AISI 316L stainless steel. The conclusions are as 

follows: 

1. The direction of microstructures is the same as the laser beam feed direction.  

2. The width and depth of microstructures increase with increasing laser power, 

which results in the disappearance of ridges. This is because the large laser power 

results in a large influence zone. However, increasing the pitch of microstructures will 

cause the ridges to reappear. 

3. The specimen with a pitch of 25 μm machined at a laser power of 20 W has 

a maximum contact angle of 158.2°. Furthermore, with a dip angle of 7°, this specimen 

shows anisotropic superhydrophobicity, as the droplet easily rolls off the surface in the 

laser beam feed direction; however, it is pinned tightly in the opposite direction. 

 

ω1
ω2

F1 F2
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Chapter 7    A Single-step Fabrication Approach for the 

Development of Antimicrobial Surfaces 

7.1 Introduction 

In recent years, the increasing incidence of healthcare-associated infections 

and antibiotics overuse has led to the high demand for antimicrobial-coated medical 

devices. Silver nanoparticles (AgNPs) have attracted tremendous attention as the 

subject of investigation due to their well-known antimicrobial properties. However, 

current physical and chemical synthesis methods for AgNPs are costly, time-

consuming and not eco-friendly.  

In this chapter, an innovative StruCoat approach is proposed for the preparation 

of antimicrobial microstructures with AgNPs coatings through a single-step process. 

The approach is a hybrid fabrication process that combines laser ablation technology 

for micro-structuring and laser-assisted thermal decomposition and deposition for 

synthesising and coating AgNPs from silver nitrate (AgNO3) solution simultaneously. 

The StruCoat approach offers advantages for the synthesis of “green” AgNPs. There 

is no requirement for reducing and stabilising agents to be involved in the chemical 

reaction; thus, the need for this type of chemical reagent is reduced. More importantly, 

the approach offers durable silver-coated microstructured antimicrobial surfaces. This 

chapter will explore the StruCoat mechanism and the effects of laser power and silver 

nitrate molarity on the morphology of microstructures and the size of AgNPs. The 

chapter will also evaluate the antimicrobial performance of specimens prepared using 

StruCoat. 
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7.2 The working mechanism of StruCoat and experimental setup 

7.2.1 Working principle of StruCoat 

The schematic of StruCoat is illustrated in Figure 7.1. In this work, an 

ultrasonic atomiser was used to produce micro/nano drops of AgNO3 from liquid based 

on vibrating piezo crystal due to its robustness and capability of working at low 

pressure [216]. As shown in Figure 7.1, micro liquid drops of aqueous solutions 

of AgNO3 emerging from the ultrasonic atomiser are transported to the nanosecond 

pulsed laser ablation zone. Laser heating will cause the melting and even gasification 

of stainless steel. The vapour and plasma pressure will result in the partial ejection of 

the molten materials from the cavity and formation of surface debris. The recast layers 

are formed as the thermal energy rapidly dissipates into the internal material [217]. 

During the laser-material interaction, the laser ablation zone is in a high-temperature 

state, so the adherent AgNO3 drops are thermally decomposed to AgNPs and deposited 

on the surface continuously. 

 

Figure 7.1 Schematic illustration of StruCoat approach. 
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7.2.2 Mechanism of decomposition and deposition of AgNPs 

Heating will result in decomposition of most metallic nitrates into their 

corresponding oxides. However, the decomposition product of silver nitrate is 

elemental silver as silver oxide has a lower decomposition temperature than silver 

nitrate. Qualitatively, decomposition of silver nitrate is negligible under the melting 

point, but it is becoming increasingly apparent at about 250 °C, while total 

decomposition will take place at 440 °C [218]. The chemical decomposition equation 

of silver nitrate is described as: 

 2 AgNO3(liquid) → 2 Ag(solid) + O2(gas) + 2 NO2(gas) (7-1) 

In this research, an ultrasonic atomiser with a diameter of 20 mm and frequency 

of (fatomiser) 113 KHz was employed in the experiments. In the process of ultrasonic 

atomization, a square wave pattern would be formed on the surface of the liquid when 

approaching resonance frequency of atomiser. Micro drops were ejected from square 

waves crests. Thus, its diameters were strongly correlated to the wavelength [219]. 

The wavelength λ is expressed as: 

 𝜆 = (
16𝜋𝛾

𝜌L𝑓atomiser
2 )

1
3

 (7-2) 

where 𝛾 is the surface tension of the liquid, ρL is the density of the liquid, and fatomiser 

is the frequency of atomiser. 

The most probable diameter of drops, DL, can be calculated by [220]:  

 𝐷L = 𝐶−1𝜆 (7-3) 

where C is an experimentally determined coefficient [221]. According to the 

recommendation by Šarkovic and Babovic [220], C = 4 is used in this research. Thus, 

the probability diameter of drops DL is 8.2 μm, when γ = 0.073 N/m, ρL = 1000 Kg/m3. 

https://en.wikipedia.org/wiki/Silver
https://en.wikipedia.org/wiki/Oxygen
https://en.wikipedia.org/wiki/Nitrogen_dioxide
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Then, the most probable diameter of silver particle DAg can be calculated by: 

 𝐷Ag =
1

4
[(

2𝜋𝛾𝐶Ag𝑀Ag

𝜌L𝜌Ag𝑓atomiser
2 )]

1
3 (7-4) 

where, CAg is the molarity of silver ions, which is equal to the molarity of silver nitrate 

solution. MAg is the molar mass of silver, which is 107.8682 g/mol, and ρAg is the 

density of silver, which is 10530 kg/m3. The calculation results are shown in Figure 

7.8. 

Figure 7.2 illustrates the whole chemical reaction processes. The water starts 

to evaporate when drops of silver nitrate solution make contact with the high-

temperature molten layer.  Solid silver nitrate crystals are formed on the surface, but 

they start to decompose to silver oxide and silver when the temperature is higher than 

250 °C and decomposes completely when the temperature is above 440 °C [218]. In 

addition, the silver oxide is continuously decomposed to silver if the temperature is 

still higher than 300 °C. In the laser machining process, the absorption of laser energy 

leads to a rapid increase of local temperature. The maximum temperature realised 

3500-14500 K [222], which is higher than the vapour temperature (3135 K for iron) of 

stainless steel. This temperature is much higher than the decomposition temperature 

of silver nitrate; so, there is sufficient thermal energy to finish the decomposition 

reaction as shown in Figure 7.2. Then, the AgNPs are deposited on the surface during 

the solidification of the molten materials in the laser ablation zone. 

 
Figure 7.2 Schematic of chemical reaction process of AgNPs. 



147 

 

7.2.3 Materials and experimental setup 

The AISI 316L stainless steel plates (6 mm × 6 mm × 2 mm) were used as the 

experimental specimens in this research. Same with section 4.3, the stainless steel 

plates were machined by a flat end mill (with a diameter of 6 mm). Silver nitrate (Alfa 

Aesar) and deionised water were used to prepare chemical solutions with different 

molarities of 25 to 200 mmol/L. The experiments are also conducted by the hybrid 

ultra-precision machine as shown in Figure 4.1. An ultrasonic atomiser was employed 

to generate micro liquid drops as shown in Figure 7.3. This research will investigate 

the effect of laser power and molarity of AgNO3 on the surface topography and the 

size of AgNPs. Details of the operational conditions for the two experiments are shown 

in Table 7.1 and Table 7.2.  

 

Figure 7.3 Ultrasonic atomiser used to generate micro drops. 

Table 7.1 Operational conditions used to evaluate the effect of laser power on the 

synthesis of AgNPs. 

Laser power 

(W) 

Pulse repetition 

rate (Hz) 

Feed rate 

(mm/min) 

Duration 

time (s) 

Pitch 

(μm) 

Molarity of AgNO3 

(mmol/L) 

2, 8, 14, 20 100K 200 0.4 90 50 
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Table 7.2 Operational conditions used to evaluate the effect of molarity of silver 

nitrate on the synthesis of AgNPs. 

Laser power 

(W) 

Pulse repetition 

rate (kHz) 

Feed rate 

(mm/min) 

Duration 

time (s) 

Pitch (μm) Molarity of AgNO3 

(mmol/L) 

14 100 200 0.4 90 25, 50, 100, 200 

7.2.4 Post-processing and characterization 

All specimens were cleaned ultrasonically with deionised water, acetone and 

ethanol for 10 minutes to remove any organic compounds on the surface before and 

after the experiments. Then, these specimens were dried in an oven at 100 °C for 20 

minutes. The surface chemistry and the morphology of laser structured Gaussian holes 

and deposited AgNPs were characterised by scanning electron microscopy (SEM) and 

X-ray diffraction (XRD). 

7.3 Experiments with StruCoat technology 

In the laser ablation process, the material was removed from the substrate 

surface because high peak power results in a thermal energy that is higher than the 

breakdown thresholds of material which would lead to material melting, ablation and 

vapour generation. The thermal energy also helped to form the high-temperature zone 

around the laser radiation area. The thermal decomposition of silver nitrate to silver 

particles relied on the heat generated in the laser ablation process. Thus, the size of 

microstructure and AgNPs could be tightly controlled by the laser power and molarity 

of silver nitrate. This section will analyse the influences of the above factors. 
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7.3.1 The effect of laser power on the morphology of AgNPs and microstructures 

Figure 7.4 shows the SEM images of the smooth surface and laser-ablated 

microstructures obtained using different laser powers, but at constant molarity of silver 

nitrate of 50 mmol/L. The increasing size of laser ablated microstructures was 

observed with the increase of laser power. The increased diameter of laser ablated 

holes and the thickness of casting layers is the result of molten metal flow driven by 

surface tension and recoil pressure formed by the evaporation [223]. Figure 7.4 (b) to 

(e), shows all specimens contained a certain amount of silver particles deposited on 

the surfaces. The presence of silver nanoparticles was further confirmed by XRD 

analysis results shown in Figure 7.5.  

When the laser power is 2W, the heat dissipates quickly, so micro drops of 

silver nitrate have a very short period to decompose to AgNPs. The theoretical 

diameter of liquid drops calculated by Equation 7-3 is around 8.2 μm. However, the 

obtained maximum diameter of the microstructures in the experiment was 

approximately 20 μm at the laser power of 2 W. This indicated that the droplets have 

a smaller probability of falling within the laser ablated high-temperature area. When 

the laser power is increased to 8 W, the maximum diameter of microstructure reached 

50 μm. Some AgNPs were also formed on microstructures due to the high temperature 

of the molten layer.  Figure 7.4 (c) and Figure 7.4 (d) show that more AgNPs were 

formed at a laser power of 14 W than 8 W. The diameter and depth of the melt pool 

increased with the increase of laser power as more energy was transferred into the 

heat-affected zone (HAZ). The sputtering area was formed at 14 W due to the vertical 

movement of liquid during irradiation caused by the vapour flow that expands in the 

Gaussian hole. As a result, AgNPs were deposited on both the spatter area and 
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Gaussian holes. However, the flake-like silver started to form on the microstructures 

when laser power was further increased to 20 W.  

The thermal stress accumulation increased with the increase of laser power. 

This explained the increased quantity of AgNPs from lower to high laser powers. At 

the low laser power of 4 W, not enough accumulated thermal stress and physical space 

was generated for the silver nitrate to finish the decomposition process. However, 

when the laser power increased to 20 W, the laser ablated area was overheated. The 

excess heat energy led to a longer cooling time, so much more silver drops participated 

in the chemical reduction. These silver particles accumulated and formed silver 

particles with large dimensions. On the other hand, the evaporation and sputtering 

phenomenon would be enhanced significantly under high laser power, which had a 

negative effect on the deposition of AgNPs. Therefore, overheating would not be 

beneficial for growing more AgNPs on the laser-ablated structures. Suitable thermal 

energy would be necessary for the deposition of AgNPs. It is also known that the 

uniform distribution of AgNPs is beneficial to antimicrobial properties [224]. As such, 

specimens processed at the laser power 14 W had the most 

homogeneous size distribution of the AgNPs, and thus it was deemed the best result 

for deposition of AgNPs on the laser ablation zone. 

 

(a) 
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(b) 

 
(c) 

 
(d) 

 
(e) 

Figure 7.4 SEM image (left) and high-magnification image (right) of Specimens 

manufactured by StruCoat under different laser powers: (a) smooth and machined at 

laser powers of (b) 2 W; (c) 8 W; (d) 14 W; (e) 20 W. 
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Figure 7.5 displays the XRD patterns of the smooth surface, laser-machined 

surface and StruCoat surface of AISI 316L stainless steel. In Figure 7.5 (a), three sharp 

diffraction peaks correspond to the XRD pattern of austenite and one peak for ferrite. 

For the laser-machined surface, as shown in Figure 7.5 (b), it was found that austenite, 

Fe3O4 and Fe2O3 were recognised on the XRD pattern. In Figure 7.5 (c), the presence 

of pure silver is confirmed by the diffraction peaks at 2θ = 38.2°, 44.4°, 64.6° and 

77.5° on StruCoat surface, which correspond to scattering from (111), (200), (220) and 

(311) planes of pure silver. Thus, the XRD pattern in Figure 7.5 (c) proves the 

existence of AgNPs. 

 

Figure 7.5 X-ray diffraction pattern of AISI 316L stainless steel: (a) smooth surface, 

(b) laser-machined surface and (c) StruCoat surface. 
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7.3.2 The effect of silver nitrate molarity on the synthesis of AgNPs 

The molarity of silver nitrate is another critical processing parameter in 

StruCoat for deposition of AgNPs. In this section, different molarities of silver nitrate, 

as listed in Table 7.2, were employed to experiment. 

Figure 7.6 shows the morphologies of microstructured surfaces processed by 

StruCoat at different molarities of silver nitrate solutions varying from 25 mmol to 200 

mmol, while the laser power was fixed at 14 W. For the specimens which employed 

25 mmol, 50 mmol and 100 mmol silver nitrate solutions, the AgNPs could be 

observed. The distribution density of AgNPs was significantly higher while the 

molarity of the silver nitrate solution was 50 mmol. The number of silver ions 

increased with the increase of molarity of silver nitrate solution. Low molarity of silver 

ions required less thermal energy in the chemical reduction process. Thus, the excess 

heat leads to AgNPs being evaporated further. This explains the increase in distribution 

density of AgNPs while the molarity of silver nitrate solution was increased from 25 

mmol to 50 mmol. However, when the molarity of silver nitrate solution was increased 

to 100 mmol, aggregation and clumping of the AgNPs were observed. Some adjacent 

AgNPs started to weld together, with some silver bars starting to appear on the 

microstructure. There are several reasons which could explain these observations. 

Firstly, the silver nitrate solution of higher molarity required more energy to complete 

the thermal decomposition reaction, resulting in insufficient heat energy for the 

evaporation of the silver particles. Secondly, the surface tension and density of drops 

of silver nitrate increased with the increase of molarity of silver nitrate. Thus the 

adjacent drops were more possibly connected when they were deposited on the 

microstructure and formed larger drops. Thirdly, the high molarity of silver ions in 
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every drop could have resulted in more silver being deposited on the substrates. As 

shown in Figure 7.6 (d), the aggregation and clumping of the AgNPs became more 

significant when the molarity of silver nitrate solution increased to 200 mmol.  

 

(a) 

 

(b) 
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(c) 

 

(d) 

Figure 7.6 Low and high magnification SEM images of StruCoat processed 

microstructured surfaces with different molarities of silver nitrate: (a) 25 mmol; (b) 

50 mmol; (c) 100 mmol; (d) 200 mmol.  Images labelled (1) were low magnification 

(×500), and (2)-(4) were high magnification (×1.5-6.0 k).  Arrows on images indicate 

the silver particles. 
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AgNPs have a large surface-to-volume ratio, so it exhibits unique and 

dramatically different physical, chemical, and biological properties relative to bulk 

materials [225]. Some research proved that smallest-sized AgNPs demonstrated a 

better antibacterial activity against bacterial as compared to the triangular and larger 

spherical shaped AgNPs [225,226]. In this study, the histogram and probability density 

function of AgNPs is shown in Figure 7.7. The length of 100 particles with a clear 

profile was measured manually by image processing software (Nano Measurer 1.2.5) 

based on the SEM image (4) in Figure 7.6. The size of AgNPs was found to be 

dependent on the molarity of the silver nitrate solution. At low molarity (25 mmol and 

50 mmol), the mean particle size of microspheres was 400-600 nm. At high molarity 

(100 mmol and 200 mmol), the mean particle size reached micron level. Nevertheless, 

the particle size of 500 nm had the maximum proportion for all the specimens. Besides, 

a low standard deviation indicated that the data points tended to close to the mean 

value, while a high standard deviation indicated that the data points were spread out 

over a broader range of values. Thus, the best molarity was 50 mmol as it allowed 

specimens with a minimum mean particle size of 480 nm and the minimum standard 

deviation of 224 nm. This indicated that too high a molarity was not beneficial for 

growing more nanoscale silver particles on the laser-ablated structures, and a suitable 

molarity of silver nitrate solution would be necessary for the generation of AgNPs with 

uniform distribution in the average size.  
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Figure 7.7  Histogram and probability density function of AgNPs. 

Comparison between the predicted and measured diameter of silver particles is 

shown in Figure 7.8. The predicted value was closer to the measured median value 

than the average value. In theory, with the increase of molarity of silver nitrate, the 

predicted particle size increased gradually due to the increased silver included in the 

micro drops. The experimental results showed the same tendency except at 50 mmol. 

It obtained similar particle sizes of approximately 500 nm at molarities of 25 and 50 

mmol in experiments. Thus, the theoretical and experimental results indicated that it 

was not necessary to employ silver solutions with high molarity as it could lead to the 

increased size of deposited particles. When the molarity is 200 mmol, the measured 

average size of AgNPs is 36% larger than the predicted value. The reason is that the 

high molarity of silver nitrate solution result in aggregation and clumping of the 

adjacent silver nitrate drops as shown in Figure 7.6 (d). 
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Figure 7.8 Comparison between predicted and measured particles size. 

Focused Ion Beam (FIB) milling was used to make a cross-section on the StruCoat 

processed surfaces to observe the interface between AgNPs and the substrates of 

stainless steel. Figure 7.9 shows SEM images of the subsurface topography. It could 

be observed that the AgNPs were firmly connected with the stainless steel after the 

wielding effect in the laser ablation process, and this helps to attain the high strength 

of interfacial bonding.  

  

Figure 7.9 Whole image of FIB processed areas (Left) and magnified image of the 

cross-section (Right). 
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7.3.3 Material microstructures of StruCoat processed substrates 

During the laser machining process, the rapid heating and cooling lead to 

modification of material microstructure. The laser machining heat affected zone is 

defined as the area that has not melted, but has undergone thermally induced 

microstructural modification by laser pulses [227]. This section will investigate the 

cross-sectional material microstructure of HAZ of AISI 316L austenitic stainless steel 

in the traditional laser machining process and the StruCoat process. Metallographic 

methods were used to polish and etch cross-sections of specimens in order to evaluate 

the changes in substrate structures.  

SEM images of the metallographic structure of stainless steel surfaces 

(unprocessed, processed by laser machining, and processed by StruCoat) are shown in 

Figure 7.10. The linear line intercept method was employed to measure grain size. The 

average grain sizes after laser machining process and StruCoat were about 9.3 μm and 

4.5 μm, while the average size of the original grain in the as-received AISI 316L 

stainless steel was about 24.6 μm. The significant grain size refinement was due to the 

laser reversion annealing through the intense heat input during the laser machining 

process. As a result, the grain refinement effect would lead to an increase in both 

material strength and fracture toughness. More importantly, the specimen had even 

higher cooling rates in StruCoat than in laser machining due to the evaporation of the 

aqueous solution, which resulted in a further decrease of grain size (81% reduction). 

In addition, it could be clearly seen from Figure 7.10 (b) that the depth of the 

HAZ subjected to the laser machining process was about 97 μm, while the depth of 

HAZ in the StruCoat was about 62 μm as shown in Figure 7.10 (c). The reduced depth 

of HAZ in StruCoat was also due to the increased cooling rate in StruCoat. 
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(a) 

 

 

 

(b) 
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(c) 

Figure 7.10 SEM images (×1.0k) of cross-sections of stainless steel surfaces: (a) 

unprocessed, (b) processed by laser machining and (c) processed by StruCoat. 

7.4 Antimicrobial test and results 

7.4.1 Antimicrobial activity testing 

Antimicrobial experiments were implemented to assess the susceptibility of 

three different kinds of specimens to bacterial attachment and biofilm growth: (i) 

smooth, (ii) laser ablated and (iii) specimens fabricated by StruCoat. Samples were 

cleaned before each experiment using 70% ethanol to remove any contaminant 

bacteria already on their surface. 

The bacteria used in all experiments was Staphylococcus aureus (NCTC  4135) 

and were selected as they are widely associated with commonly contracted medical 

device-related infections [228]. S. aureus was cultured in 100 ml nutrient solution 

(Oxoid Ltd, UK) for 18 hours at 37°C with a rotational speed of 120 rpm. Post-
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incubation, the bacterial culture was centrifuged at 3939 ×g and the pellet resuspended 

in phosphate buffered saline (PBS; Oxoid Ltd, UK), before being serially diluted to a 

concentration of 104 CFU/ml for experimental use.  

Stainless steel specimens were immersed in 5 mL 104 CFU/mL bacterial 

suspension in multiwell culture plates and incubated at 37°C for 24 hours to permit 

attachment and subsequent biofilm formation [229]. Following incubation, the 

samples were rinsed in sterile phosphate buffered saline (PBS) solution to remove any 

excess planktonic bacteria not attached to the biofilm. The samples were then placed 

into 9 mL PBS, and the surface-attached bacteria were physically removed from the 

surfaces using the following methodology: 10 seconds manual agitation followed by 

300 seconds in an ultrasonic bath followed by a further 10 seconds manual agitation. 

This process facilitated the release of the attached bacteria from the surface into the 

PBS ‘capture fluid’, with this fluid then being serially diluted and samples spread 

plated onto nutrient agar (Oxoid Ltd, UK) (n=3).  Plates were incubated at 37°C for 

24 hours, and results enumerated as CFU/mL. 

7.4.2 Antimicrobial evaluation of StruCoat 

In this section, the antimicrobial capabilities of the two stainless steel 

specimens processed by laser ablation and StruCoat were evaluated after 24 h 

cultivation with bacterial contamination. A smooth stainless steel specimen with no 

surface modifications was included as a comparative control. Results showed that 

specimens machined by laser ablation and StruCoat both demonstrated reductions in 

bacterial attachment and biofilm formation compared to the unmodified control, as 

shown in Figure 7.11. Specimens processed by StruCoat exhibited a significantly 
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greater reduction in bacterial attachment than laser ablated specimens with a total 

decrease in the bacterial count of 86.2% compared to the unmodified material. Thus, 

the coating of AgNPs was critical for enhancing the antimicrobial capabilities of 

specimens manufactured by StruCoat. The slight antimicrobial activity evidenced by 

the laser-ablated specimens without AgNPs (9.6% reduction in surface contamination) 

can likely be attributed to the generation of iron oxide during the laser ablation process; 

an effect which was documented in a study by Fazio et al. (2016) [230].  

 

Figure 7.11 Bacterial attachment and biofilm formation on StruCoat modified stainless 

steel surfaces.  Results on smooth and laser ablated surfaces are included as a 

comparison (n=3 ± standard deviation).  

Jia et al. (2016) explored the synergistic effect of AgNPs and microstructures, 

and proved that microstructures had a special antimicrobial mode named “trap & kill” 

[196]. Figure 7.12 illustrates the possible sterilise modes engaged in the antimicrobial 

process. First, the released silver ions from AgNPs killed some bacteria before they 

contact with the surface, termed ‘release killing’. After the silver ion treatment, the 
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bacterial membrane interacted with silver ions and resulted in cytoplasmic membrane 

shrinking and damage [231]. Secondly, some bacterial kill can be attributed to direct 

contact with silver particles, termed ‘contact killing’. The accumulation of AgNPs in 

the bacterial membrane led to a significant increase in permeability, which results in 

the death of bacteria [232]. More importantly, bacterial cells with a negative charge 

would be introduced into the microstructures of the surfaces, causing binding with 

AgNPs via electrostatic attraction, and these were then killed through the contact 

killing mechanism. In addition, the microstructures could act simultaneously as 

storage pockets of AgNPs to attain sustainable release of silver ions, protecting AgNPs 

from friction-induced particle detachment. In terms of the significant antimicrobial 

effects observed in the present study, further work is required to determine the exact 

mechanism of action, and correlate with that of other studies using AgNPs such as that 

of Jia et al. (2016) [196]. 

 

Figure 7.12 Antimicrobial mechanism of structured specimens coated with AgNPs. 

7.5 Summary 

A single-step fabrication approach named StruCoat was proposed for the first 

time in this work to generate antimicrobial microstructures coated with AgNPs on AISI 

316L stainless steel. StruCoat laser ablation was used to generate microstructures, 
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while micro drops of silver nitrate solution were delivered to the laser ablation zone to 

decompose and coat AgNPs onto microstructures by using the thermal energy 

generated in the laser ablation process. The laser power and the silver nitrate molarity 

were identified as the major control parameters for StruCoat. Experimental studies 

show that silver nitrate with a molarity of 50 mmol at the laser power of 14 W, which 

resulted in AgNPs with a mean size of 480 nm, was the best processing condition for 

the chemical decomposition of silver nitrate micro drops in this study.  

StruCoat is an eco-friendly process due to not requiring reducing and stabiliser 

agents, and only silver nitrate is required in the decomposition process. Furthermore, 

the microstructures can store AgNPs to attain the sustainable release of silver ions. 

AgNPs would mostly be distributed along the inner area of the microstructures. Thus, 

microstructures could provide protection for the AgNPs to avoid friction-induced 

particle detachment. In addition, StruCoat would help increase the cooling rate of the 

substrate in the laser machining process, resulting in a significant decrease in material 

grain size (by 81%). Decreasing grain size will increase the material strength and 

fracture toughness. Antimicrobial efficacy testing also demonstrated the enhanced 

antimicrobial properties of StruCoat, with an 86.2% antimicrobial rate against 

Staphylococcus aureus, compared to unmodified samples, in the present study. 
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Chapter 8    Conclusions and Future Works 

8.1 Conclusions 

This PhD thesis investigated the design method and underlying mechanism of 

superhydrophobicity on a laser ablated AISI 316L stainless steel surface based on 

simulation and experimental studies. The concepts of process and product fingerprints 

were proposed as critical measurable characteristics for determining the required 

surface topography and process parameters for a superhydrophobic surface. 

Furthermore, anisotropic superhydrophobic structures and antimicrobial surfaces with 

AgNPs were developed through two different laser-based hybrid manufacturing 

processes. The main conclusions from the research can be summarised as follows: 

1. The proposed deterministic design approach, including a geometrical model 

for laser ablated Gaussian micro holes, and the theoretical constraints for a stable 

Cassie-Baxter state, can accurately design microstructures for maximising surface 

hydrophobicity. The design results prove that all the substrates (with pitches from 50–

150 μm) have contact angles greater than 150° to realise superhydrophobicity. 

Furthermore, the maximum contact angle shows a decreasing trend with increasing 

microstructure pitch. 

2. The CFD simulated contact angle has good agreement with the designed 

value, which also proves the VOF simulation is an effective approach to predict the 

wetting state and the apparent contact angle at an equilibrium state at Weber number 

0.026. The simulated water droplet behaviour on the smooth surface acts as a damping 

vibration. For the hydrophobic substrate P150 (revised), the air pocket’s pressure 

shows a declining trend with the transition from a Cassie-Baxter state to a Wenzel 

state. However, the superhydrophobic substrates P150 (optimised) and P110 
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(optimised) trapped a large volume of air with high pressure at the bottom of structures, 

resulting in a stable intermediate state and a Cassie-Baxter state, respectively. 

Furthermore, the superhydrophobic substrate has the maximum potential energy and 

kinetic energy, which helps explain its low adhesion and self-cleaning properties.  

In the impacting process at a Weber number of 7.26, all the water droplets 

experienced four stages of spreading, recoiling, rebounding and falling with viscous 

energy dissipation. With the increased hydrophobicity of the three specimens, the 

water droplet detachment occurred earlier, varying from 16 ms to 12 ms. The 

simulation results also proved that water droplets on the superhydrophobic substrates 

have shorter recoiling time and longer rebound time than on the hydrophobic substrate. 

3. The laser ablation experiments show that the measured contact angle has a 

minor deviation from the designed and simulated values because the machined 

specimens P150-14 W and P110-14 W having similar dimensions with the designed 

profile. The water droplet’s dynamic impacting behaviour at a Weber number of 7.26 

also proves that the simulation results have good agreement with high-speed camera 

test results, and the minor error major was caused due to the laser ablated specimens 

being rougher than the simulation model. Furthermore, the high-speed camera test at 

a Weber number of 29 showed that the superhydrophobic substrate has a low-adhesion 

property with water when compared with a hydrophobic substrate. 

4. The dimensionless surface functional characterisation parameter Rhy (i.e. the 

average ratio of Rz to Rsm) is the most sensitive parameter to the specimen’s contact 

angle, which can be regarded as the product fingerprint. The laser pulse energy per 

unit area on the specimen (Is) represents the combined effects of laser power, exposure 

time and structure pitch on surface topography, and it is the best process fingerprint 
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that can be used to control the product fingerprint Rhy. The threshold values of Rhy and 

Is are 0.41 and 536 J/mm2, respectively, which ensure the specimen’s 

superhydrophobicity (contact angle larger than 150°) in the laser ablation process. The 

maximum contact angle of a laser ablated specimen in this research is 164°. 

5. The experimental results for the sequential process of laser ablation and 

chemical etching (LA-CE) showed that the direction of ratchet-like microstructures is 

the same as the laser beam feed direction. With the increase of laser power, the width 

and the depth of microstructures showed an increasing trend, which resulted in the 

disappearance of ridges. The above phenomenon is caused by fact that the large laser 

power has a large influence zone. However, increasing the pitch causes the ridges to 

reappear. Specimen 3, with a pitch of 25 μm machined at a laser power of 20 W, has 

a maximum contact angle of 158.2°. Furthermore, with a dip angle of 7°, specimen 3 

shows anisotropic superhydrophobicity, as the droplet easily rolled off along the laser 

beam feed direction; however, it was pinned tightly in the opposite direction. 

6. A single-step fabrication approach (StruCoat) for the development of 

antimicrobial surfaces based on laser ablation technology has been successfully 

developed to generate antimicrobial microstructures coated with AgNPs on AISI 316L 

stainless steel for the first time. The experimental results showed that silver nitrate 

with a molarity of 50 mmol at the laser power of 14 W, which resulted in AgNPs with 

a mean size of 480 nm, was the best processing condition for the chemical 

decomposition of silver nitrate micro drops in this research. In addition, StruCoat can 

help increase the cooling rate of the substrate in the laser machining process, resulting 

in the significant decrease of material grain size (by 81%). Antimicrobial efficacy 

testing also demonstrated the enhanced antimicrobial properties of StruCoat, with an 
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86.2% antimicrobial rate against Staphylococcus aureus, compared to unmodified 

samples, in the present study. 

The optimal technological parameters and key performance indicators for 

fabricating functional surface on AISI 316L stainless steel are summarised in Table 

8.1. 

Table 8.1 The optimal technological parameters and key performance indicators for 

fabricating functional surfaces on AISI 316L stainless steel. 

Type of 

functional 

surfaces 

Methodology Surface 

characteristics 

Processing parameters Key 

performance 

indicators 

Superhydrophobic 

surface 

Laser ablation 

and 

silanization. 

Gaussian hole 

pattern 

P = 70 μm, Pave=20 W,  

te = 1 s, fp =100 KHz, 

feed rate 200 mm/min. 

 

Contact angle 

164° 

Anisotropic 

superhydrophobic 

surface 

Laser ablation, 

chemical 

etching and 

silanization. 

Ratchet-like 

microstructures 

P = 25 μm, Pave = 20 

W, fp = 20 KHz, feed 

rate 30 mm/min, 

unidirectional feed, 

aqueous solution of 

ferric chloride 

hexahydrate (32g 

FeCl3·6H2O, 3ml of 

37% HCl, 3ml of 85% 

H3PO4, 120ml H2O). 

 

Contact angle 

158°, for a dip 

angle of 7°, 

the specimen 

shows 

anisotropic 

superhydropho

bicity. 

Antimicrobial 

surface 

StruCoat Gaussian hole 

pattern and 

AgNPs. 

P = 90 μm, Pave=14 W,  

te = 0.4 s, fp = 100 KHz. 

Feed rate 200 mm/min, 

50 mmol AgNO3 

solution. 

Size of AgNPs 

480 nm, 

86.2% 

antimicrobial 

ate 
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8.2 Contributions to knowledge 

The contributions to knowledge in this dissertation can be listed as follows: 

1. Developed a deterministic design method to design the dimensions of 

microstructures to be fabricated by laser ablation to maximise superhydrophobicity. 

2. Validated the concepts of process and product fingerprints as critical 

measurable characteristics to determine the required surface topography and process 

parameters for a laser ablated superhydrophobic surface. 

3. Created an innovative process to prepare ratchet-like microstructures on 

AISI 316L stainless steel that possess anisotropic superhydrophobicity. Different from 

the normal laser ablation process, the undesired oxide layers and recast layers, which 

result in short service life, poor surface quality and appearance, will be removed 

through the hybrid process. This new process has great potential to be scaled-up for 

practical industrial applications. 

4. Created a single-step fabrication approach for the development of 

antimicrobial surfaces that combines laser ablation technology for micro-structuring 

and laser-assisted thermal decomposition and deposition for synthesising and coating 

AgNPs from silver nitrate (AgNO3) solution simultaneously. The approach offers 

advantages for the synthesis of “green” AgNPs. There is no requirement for reducing 

and stabilising agents in the chemical reaction. Through the hybridisation of the 

subtractive laser ablation and additive chemical deposition processes, the new 

manufacturing approach has promising applications for providing antimicrobial 

micro-structured silver coatings for medical devices such as surgical tools and 

implants. 
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8.3 Recommendations for future works 

The research presented in this thesis provides a solid foundation for the development 

of functional surfaces on surgical tools and implants. However, there are still some 

challenges that must be addressed for practical application. The recommendations for 

further research are:  

1. Service life is still the main issue for most superhydrophobic surfaces; thus, 

future research should focus on obtaining a superhydrophobic substrate with a long-

term service life or on using efficient and straightforward remanufacturing techniques 

to make the substrate achieve the superhydrophobicity conveniently. Furthermore, in 

some cases, the superhydrophobic surface will work in an extreme environment; 

therefore, the effect of the testing condition on hydrophobicity is also an interesting 

topic. 

2. Currently, most superhydrophobic coating or microstructures are 

manufactured on planar surfaces. However, most surgical tools (e.g. scalpels, needles 

and retractors) have curved surfaces. Hence, the further exploration of laser ablation 

on curved superhydrophobic surfaces would be beneficial to the industrial 

popularisation of this technology. 

3. The StruCoat approach was advanced for the first time in this thesis. 

Therefore, the further exploration of this approach’s mechanism, process stability 

(using a long-term antimicrobial test) and more widespread application is required. 
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