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ABSTRACT 

Surface wettability is an important phenomenon that has implications in many 

different scientific domains. It is determined by the interaction between liquids and 

solid substrates. This study investigates the production of 

superhydrophobic/superhydrophilic surfaces on aluminum alloy (Al 6061) by non-

hazardous chemical treatments and nanosecond-pulse laser processing as an 

environmentally acceptable method of producing microdroplet arrays. The method 

used is discontinuous dewetting, which allows for accurate droplet generation 

without the need for costly automation. Process parameters are optimized to achieve 

effective water separation between superhydrophilic patterns, and the impact of laser 

power on water spreading is demonstrated. Surface chemistry and morphology are 

characterized at each stage of the fabrication process through various analyses. The 

fabricated surfaces exhibit reliable stability under long exposure to air, freshwater, 

and intense heat conditions. Additionally, the prospective of using disposable 

aluminum dishes to produce customizable superhydrophobic surfaces with 

superhydrophilic arrays is introduced. This eco-friendly approach addresses the need 

for higher array density platforms with small droplet volumes, particularly relevant 

for biomedical and pharmacological applications demanding high detection 

sensitivity and throughput processing. 

 

Keywords: 

Superhydrophobic surface; Superhydrophilic patterns; Wettability; Laser texturing; 

Droplet microarray; precision. 
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CHAPTER 1 

INTRODUCTION 

1.1 Introduction to Surface Wettability 

The wettability of solid surfaces has emerged as a vital area of research across 

various scientific disciplines, spanning from physics and chemistry to materials 

science and engineering. The wettability phenomenon governs liquids' spreading 

behaviour on solid substrates and is critical in determining surface energy, adhesion, 

and contact angle dynamics. Micro and nano-structured surfaces, inspired by nature 

and exhibiting extreme wettability characteristics have earned considerable attention 

in various fields including energy, water management, biological sciences, and 

everyday tasks. The findings from searching the keyword "surface wettability" on 

the Web of Science demonstrate a continuous increase in published papers since 

2000 (See Figure 1).  

 

 

 

 

 

 

Figure 1: The number of total published papers each year since 2000 with the “surface 
wettability” keyword in Web of Science 
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The wetting characteristics of a solid surface are explained using the widely 

recognized Young, Wenzel and Cassie-Baxter equations [1, 2]. Based on the 

wettability characteristics, there are four types of solid surfaces: (1) 

superhydrophobic surfaces, having a contact angle over 150°, (2) hydrophobic 

surfaces, having a contact angle between 90° and 150°, (3) hydrophilic surfaces, 

having a contact angle in between 10° and 90°, and (4) superhydrophilic surfaces, 

having a contact angle below 10° (see Figure 2). The wettability of material surfaces 

is influenced by two properties. The first property is surface morphology, which 

contains the structure and roughness of the surface. Generally, if a surface is rougher, 

it will have a larger contact angle when in contact with a surface of low surface 

energy. Well-organised and rough surfaces increase the contact angle by reducing 

the fraction of solid-to-air. The second property is surface chemistry. When two 

materials come into contact, they typically have a specific surface energy. Surfaces 

with low surface energy exhibit hydrophobic properties, while those with high 

surface energy exhibit hydrophilic properties. A microdroplet array can be easily 

fabricated with many superhydrophilic/hydrophilic patterns, separated by a 

superhydrophobic barrier.  
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Figure 2: Schematic diagram of (a) a superhydrophobic surface, (b) a hydrophobic surface, (c) a 

hydrophilic surface and (d) a superhydrophilic surface. 

 

1.2 Droplet Microarray 

A microdroplet array is a structured arrangement of tiny droplets on a surface, 

typically at the microscale level. These droplets are usually uniform in size and 

spacing, and they can be composed of various liquids or solutions depending on the 

application. This system enables the controllable and precise formation of multiple 

microsphere droplets of various shapes, sizes, and arrangements [3]. These arrays 

have a wide range of applications, including wetting behaviour [4-11], 

thermodynamics [12-14], high-throughput screening [15-22], analysis of cells and 

tissues [23-27], cell culture [28-30], gel pressure sensor [31], digital PCR [32, 33], 

DNA synthesis [34] as well as diverse applications for isolating chemical reactions 

[35], photonics [36], and super-resolution microscopy [37]. As the demand for 

droplet microarray is increasing for its high detection sensitivity and great 
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throughput processing, especially in biomedical and pharmacology applications, the 

need for achieving higher array density flatform with small volumes of droplets is 

on the rise. Furthermore, surface droplets with customizable volumes offer exclusive 

microenvironments for restricted interfacial reactions and the creation of 

nanomaterials [38-40]. 

 

Figure 3: Droplet Microarray 
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Figure 4: Applications of Droplet Microarray 

 

1.3 Previous Trends in Droplet Microarray Research 

In recent years, researchers have developed many sophisticated methods to create 

efficient DMA networks including the wet etching technique [22], inkjet printing 

[13, 15-17, 26, 28, 29], microfluidics [3, 20, 41], laser fabrication [42], dropping 

droplets using microscale cavities [43], and more. Most current research focuses on 

producing complex droplets and employs methods that are mainly suitable for 

demonstrating the rapid formation of droplet arrays [44, 45]. Although progress in 

the fabrication of microdroplet arrays has been substantial, a major drawback in 
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many of these studies is the reliance on toxic chemicals [3, 19]. According to M. 

Awashra, the approaches to the partition of droplets with controlled volume can be 

categorized into three sections: generation droplets using a microfluidic pump, 

confining droplets in a solid container and open microarray system of placing 

droplets onto a flat surface using a printing technique or discontinuous dewetting 

[46]. Discontinuous dewetting is an effective technique that facilitates the creation 

of numerous microdroplets in an open-air system with precise shapes, sizes, and 

predetermined positions on a structured surface [43, 47, 48]. One of the benefits of 

this method is that it does not rely on expensive robotics or automation, making it 

appealing for tasks like diagnostics, cell screening, or medical applications. In the 

discontinuous dewetting process, fluid is directed across a surface with pronounced 

dewettability, featuring areas highly prone to wetting, to form an array. 

 

1.4 Objectives of Our Research 

In our study, we propose an eco-friendly method to create a microdroplet array by 

creating superhydrophobic/superhydrophilic surfaces on aluminum alloy using a 

nanosecond-pulse laser machine, followed by non-hazardous chemical procedures. 

A range of process parameters was investigated to determine the optimal conditions 

for achieving effective water separation between the superhydrophilic patterns. The 

impact of laser power on the spreading of water on the superhydrophilic spots was 

also demonstrated. In addition, the surface morphology and chemistry were 

examined at each stage of fabrication using a series of surface analyses. The 

fabricated superhydrophobic and superhydrophilic surfaces demonstrate good 

stability, even when exposed to prolonged periods of air, freshwater, and high-

temperature environments.  Furthermore, we introduce the potential of using 
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disposable aluminum dishes to produce superhydrophobic surfaces featuring 

customizable superhydrophilic arrays. 

 

The objectives of our research are as follows: 

1. Sustainable manufacturing of the DMA with no complicated chemical process. 

2. Selective patterning of DMA. 

3. Study the wettability precision of the superhydrophilic patterns. 

4. Increase the array density of the DMA. 

5. Introduce the potential of disposable applications. 

6. Demonstrate additional applications as functional materials. 

 

 

 

 

 

 

 

 



8 

 

CHAPTER 2 

EXPERIMENT 

2.1 Materials 

In this research, Al 6061 sheets with a purity of 95.8-98.6% (obtained from The 

Nilaco Corporation, Japan) were employed. The samples had dimensions of 

40mm×40mm×2mm. Ultrasonic cleaning was performed for 10 minutes using 

Isopropyl Alcohol with a purity of 99.5% (supplied by the Daejung Chemicals 

Company Ltd., Republic of Korea). In addition, a silicon oil heat treatment process 

was conducted using KF96 silicon oil with a viscosity of 100cs (obtained from the 

Shin-Etsu Chemical Company Ltd., Japan). 

2.2 Laser Texturing System 

Figure 5 displays the direct connection between a high-speed laser scanning system 

(Model: G07-355-10-B-Red; supplied by the Beijing JCZ Technology Company Ltd) 

and a Q-switched Nd: YAG nanosecond pulsed ultraviolet (UV) laser source (Model: 

Grace X 355-12; supplied by the Suzhou Inngu Laser Company, Ltd.). Computer 

software controlled the 355 nm wavelength pulse laser with an 18 ns pulse duration, 

which followed the design patterns through the scanning system. The Z-axis stage 

system allowed easy adjustment of the distance from the scanner lens to the sample 

surface, enabling precise focusing of the laser beam on the top surface. At the 

focusing point, a beam diameter of 40 µm was achieved. Two types of overlap 

factors: lateral and transverse overlap are frequently employed to manage the 

surface's shape and structure [49, 50]. The chosen approach for creating the pattern, 

as demonstrated in Figure 5, involved using a line-by-line design with a step size 
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corresponding to the transverse overlap distance. The lateral overlap distance is 

controlled by the pulse-to-pulse distance. It was accomplished by varying the laser 

speed while keeping the pulse frequency fixed at 50000 Hz. To attain a surface with 

uniform wetting properties in all directions, it is necessary for the transverse overlap 

distance and the lateral overlap distance to be identical. To determine the power of 

the laser beam emitted from the galvohead and to texture the metal surface, a laser 

power meter (A-30-D25-HPB, Laserpoint, Italy) was employed for measurement. 

 

 

Figure 5: Schematic diagram of the laser texturing system and beam path design. 
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2.3 Fabrication Process 

The fabrication process comprises two stages: creating the superhydrophobic surface 

initially, followed by the formation of superhydrophilic patterns on the background 

of this surface, as illustrated in Figure 6.  

 

 

Figure 6: Surface modification process for superhydrophobic surface and superhydrophilic 
patterns. 
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To fabricate the superhydrophobic surface, the aluminum alloy was textured by the 

laser machine to create microstructure and enhance the surface roughness. 

Subsequently, the sample was subjected to boiling water immersion for 10 minutes, 

which facilitated the development of nanostructures on the surface. Following this, 

the roughened surface was completely covered with the silicon oil and put inside a 

conventional oven at 200ºC for 1 hour. Through this process, the surface absorbed 

organic superhydrophobic compounds from the surrounding air, thereby achieving a 

low energy state. Any remaining silicon oil was eliminated by cleaning the sample 

with isopropyl alcohol in an ultrasonic cleaner. The ultrasonic cleaning procedure 

was conducted twice for 5 minutes each. At this point of the fabrication process, the 

sample transformed into a superhydrophobic surface. 

To generate the superhydrophilic patterns on the previously prepared 

superhydrophobic surface, laser texturing was selectively performed, resulting in the 

surface becoming hydrophilic. Following this, the sample was submerged in hot 

water at 60°C for 10 minutes, resulting in the formation of enduring 

superhydrophilic patterns. The wettability of the initially created superhydrophobic 

surface remained unchanged during the subsequent hot water treatment. It has been 

reported that superhydrophobic fabrication should always be done first as the 

superhydrophilic surface can transform into a superhydrophobic surface when the 

silicon oil heat treatment is executed [51]. 

For all the samples, the surface texturing was done only one time. The laser speed 

and the step size were the same for both 1st and 2nd laser texturing for every sample. 

The laser texturing control unit enabled adjustment of laser power as a percentage. 

The fabrication involved selecting percentages of 40%, 65%, and 90%, with 

corresponding average laser powers of 0.48W, 1.3W, and 3W, as measured by the 
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laser power meter. The laser power remained consistent throughout the fabrication 

process to create the superhydrophobic surface. Conversely, when fabricating the 

superhydrophilic surface, three distinct laser powers were employed for each laser 

speed and its corresponding step size. Figure 7 shows the laser texturing time needed 

for a 1 cm2 area by five different laser speeds. The laser areal fluence (Fa) was 

estimated utilizing the following equation [52].  

Fa = N Pv × Δx 

Where P (W) is the laser beam power, N is the number of repetitions of the laser 

texturing on the surface, v (mm/s) is the speed of the laser scanning beam, and Δx 

(mm) is the step size. As the laser texturing was done one time for each sample, the 

value of N is 1. 
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Figure 7: Laser texturing time for 1 cm2 area with different laser speeds. 

 

The laser texturing parameters are specified in Table 1. For the parameter study, five 

different laser speeds were used. All samples intended for superhydrophobic 

fabrication were textured with a laser power of 3W. For superhydrophilic patterns, 

three different laser powers were applied during the second laser texturing for each 

laser speed. Consequently, a total number of 15 samples were fabricated and 

subjected to further investigation. 
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Table 1: Fabrication parameters of the laser texturing 

Sample Laser 

speed 

v 

(mm/s) 

Step 

size 

Δx 

(µm) 

Lateral 

overlap 

percentage 

(%) 

Laser power (W) Laser areal fluence Fa 

(J/mm2) 

1st laser 

texturing 

2nd laser 

texturing 

1st laser 

texturing 

2nd laser 

texturing 

1 250 5 87.5 3 0.48 2.56 0.384 

2 250 5 87.5 3 1.3 2.56 1.04 

3 250 5 87.5 3 3 2.56 2.4 

4 500 10 75 3 0.48 0.64 0.096 

5 500 10 75 3 1.3 0.64 0.26 

6 500 10 75 3 3 0.64 0.6 

7 750 15 62.5 3 0.48 0.284 0.0426 

8 750 15 62.5 3 1.3 0.284 0.115 

9 750 15 62.5 3 3 0.284 0.266 

10 1000 20 50 3 0.48 0.16 0.024 

11 1000 20 50 3 1.3 0.16 0.065 

12 1000 20 50 3 3 0.16 0.15 

13 1250 25 37.5 3 0.48 0.1024 0.0153 

14 1250 25 37.5 3 1.3 0.1024 0.0416 

15 1250 25 37.5 3 3 0.1024 0.096 
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2.4 Material Characterization 

The wetting and dewetting characteristics of the modified surfaces were assessed 

using a measuring device of contact angle (SmartDrop, supplied by the Femtofab 

Company Ltd., Korea). The morphology of the surface for different samples was 

analyzed using field-emission scanning electron microscopy (FE-SEM, JSM-6500 F; 

JEOL, Japan). Also, a range of surface analyses were carried out to reckon the 

induced changeover in the surface chemistry at each stage of the fabrication process 

for a selective sample. These analyses included energy dispersive X-ray 

spectroscopy (EDS, JSM-6500-F, JEOL, Japan), Fourier transform infrared 

spectroscopy (FT-IR, Varian 670-IR; VARIAN, USA), and X-ray diffraction 

spectroscopy (XRD, Ultima IV; RIGAKU, Japan) in the range from 10° to 90°. 

Moreover, a laser-operated confocal microscope (VK-X200 series; supplied by the 

Keyence Corporation, Japan) was used to obtain three-dimensional (3D) surface 

topography pictures, which resulted in the measuring of the surface roughness.  
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CHAPTER 3 

RESULTS AND DISCUSSION 

3.1 Effect of the Laser Processing Parameters for Superhydrophobic 
Fabrication 

It has been reported that the altering of laser scanning speed [53] and the step size 

[54] during laser texturing have a significant impact on the wetting properties of a 

solid surface. So, to examine the wetting characteristics of the superhydrophobic 

surfaces, the contact angle (CA) and the sliding angle (SA) of water were measured 

with water droplets of 10±1 µL volume. Figure 8 shows the average value of contact 

angles and sliding angles measured at five different positions of each sample. The 

error bars indicate the maximum and the minimum values in both cases. The figure 

indicates all the samples have contact angles higher than 150° and sliding angles 

lower than 10°. 
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Figure 8: Water droplet’s contact angles and sliding angles of the superhydrophobic surfaces 
fabricated with different laser scanning speeds. 

 

3.2 Effect of the Laser Processing Parameters for Superhydrophilic Fabrication 

After going through all the steps of the fabrication process, the aluminum alloy 

substrates become superhydrophilic (CA < 10°) with all the fabrication process 

parameters, except the shaded sample parameter in Table 2. An alternative method 

other than measuring contact angles was used to evaluate the superhydrophilic 

surfaces' performance. Using the contact angle meter device, which was previously 

mentioned, a water droplet of 1 µL was touched with the superhydrophilic surface 

of 2×2 cm2 of each sample, as shown in Figure 9. The time for the water droplet to 

spread until becoming completely horizontal with the surface was measured and 

shown in Table 2.   
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Figure 9: The spreading stage of 1 µL water droplet at 0, 2, 4 and 6 seconds on the 

superhydrophilic surface treated with 0.48W laser power during the second laser texturing and 

fabricated by laser speeds of (a) 250 mm/s, (b) 750 mm/s and (c) 1250 mm/s. 

Table 2: Time (s) needed for the 1 µL droplet to spread over 2×2 cm2 size superhydrophilic 
surface for each sample and the Laser areal fluence (Fa, J/mm2). 

   Laser speed 

 

 

Laser power 

250 

(mm/s) 

500 

(mm/s) 

750 

(mm/s) 

1000 

(mm/s) 

1250 

(mm/s) 

0.48 W 

t = 3.25 t = 3.78 t = 4.73 No spreading No spreading 

Fa = 0.384 Fa = 0.096 Fa = 0.0426 Fa = 0.024 Fa = 0.0153 

1.3 W 

t = 2.43 t= 2.65 t 3.16 t = 3.38 No spreading 

Fa = 1.04 Fa = 0.26 Fa = 0.115 Fa = 0.065 Fa = 0.0416 

3 W 

T = 1.94 t = 2.41 t = 2.87 t = 3.08 t = 3.12 

Fa = 2.4 Fa = 0.6 Fa = 0.266 Fa= 0.15 Fa= 0.096 
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Table 2 demonstrates that increasing the energy input per unit area leads to improved 

superhydrophilicity performance. Based on this evaluation, it can also be concluded 

that aluminum 6061 alloy surfaces cannot achieve superhydrophilicity with a laser 

areal fluence below 0.0416 J/mm2.  Figure 9 shows the difference of 1 uL water 

droplet spreading at 0, 2, 4 and 6 seconds on the superhydrophilic surface for three 

different samples that were treated with 0.48W of laser power during the second 

laser texturing and created at laser speeds of 250 mm/s, 750 mm/s, and 1250 mm/s. 

The lower speed provides a higher laser texturing energy on the surface, resulting in 

faster spreading of water over the surface. As the increased value laser areal fluence 

(Fa) influences the superhydrophilic performance, there are two ways to increase the 

value: (1) decreasing the laser speed and (2) increasing the laser power. By keeping 

the laser speed constant, the laser power was increased to 1.3W and 3W to make 

superhydrophilic patterns with higher laser areal fluence. However, high laser power 

causes a significant impact on the borderline of the patterns and allows some debris 

to spread over the boundary edge. These spread particles cause an extra region 

outside the borderline to become superhydrophilic. As a result, droplets can spread 

outside the borderline of the patterns and hamper the precision of the laser patterning. 

To evaluate this issue, superhydrophilic patterns round-shaped with a 1 mm diameter 

and square-shaped with a 1 mm side length for each parameter mentioned in Table 

1 were tested to check the precision. To ensure droplet formation of a diameter not 

exceeding the pattern’s length during this experiment, the minimum volume to be 

dropped on the pattern was calculated by the following equation. 

V = πh6 (3r2 + h2) 

Here, V is the volume, r is the radius, and h is the height of the droplet. The minimum 

volume for 1 mm diameter patterns was calculated to be 0.261 µL. So, a droplet of 
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0.2±0.05 µL was dropped on the patterns. After that, images of the patterns were 

taken by an area scan camera (Baser ace acA2440-75uc, supplied by Basler AG, 

Germany). Figure 10 and Figure 11 demonstrate the precision of the patterns for 

each sample (according to Table 1) with round-shaped patterns and square-shaped 

patterns respectively. The superhydrophilic patterns fabricated with higher laser 

power show less precision in both figures. The water spreads over the borderline of 

the patterns due to the previously mentioned reason for the debris spreading outside 

the pattern’s boundary. The direction of the excessive spreading is uncontrollable 

due to the airflow inside the laser texturing chamber. To ensure precise wettability, 

the laser power for the 2nd laser texturing should be as low as possible. However, 

decreasing the laser power below 40% (0.48W) shows some untextured areas among 

the patterns. As a result, 0.48W was chosen to be the lowest laser power for the 

fabrication of the superhydrophilic patterns. 
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Figure 10: Precision of the wettability over the superhydrophilic round-shaped patterns of 1 mm 
diameter fabricated with 15 different laser parameters. 

Figure 11: Precision of the wettability over the superhydrophilic square-shaped patterns of 1 mm 
diameter fabricated with 15 different laser parameters. 
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3.3 Droplet Microarray Design 

When designing a Droplet Microarray (DMA), two key factors need to be balanced: 

fabrication efficiency and array density. Higher laser power during fabrication of the 

arrays can compromise wettability precision (Figures 10 & 11). According to the 

measurement of the error in wettability precision shown in Figure 12, samples no 1, 

4 and 7 show less than 10% excessive length of wettability. Notably, round-shaped 

patterns exhibited superior wettability control compared to squares under identical 

parameters. Also, all three samples show good superhydrophilic performance as 

discussed in Table 2. Fabrication time is another crucial consideration. Faster 

processing reduces costs, improves efficiency, and facilitates mass production. 

Among the qualifying samples, sample 7 exhibited the shortest processing time 

(Figure 7). Therefore, considering both superhydrophilicity, fabrication time, and the 

10% wettability precision threshold, the process parameters used for sample 7 (laser 

speed 750 mm/s, step size 15 µm, first laser texturing power 3W and second laser 

texturing power 0.48W) were chosen for the final DMA design. 
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Figure 12: Measuring the error in wettability precision for (a) a round-shaped pattern with a 
diameter of 1 mm and (b) a square-shaped pattern with a side length of 1 mm. 

 

Levkin et al. introduced a DMA slide design with a square-shaped spot array offering 

an approximate density of 244 spots/cm² [29]. The spots were hydrophilic with a 

side length of 350 µm and a spacing of 150 µm between each spot. In contrast, our 

design utilizes a circular spot array with superhydrophilic patterns. Our design 

achieves a density of approximately 333 spots/cm², with each spot having a diameter 

of 300 µm and a spacing of 250 µm. This spacing was determined by accounting for 

a 200 µm wettability precision tolerance for adjacent superhydrophilic patterns and 

an additional margin of 50 µm. The design and arrangement can be seen in Figure 

13.. 
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Figure 13: The design of the precise droplet microarray. 

 

3.4 Array Formation 

To create arrays of droplets, the DMA was immersed in fresh water and then 

withdrawn. This process resulted in droplets forming on the superhydrophilic spots. 

The precise design of the DMA includes very small superhydrophilic spots, which 

are not visible without magnification. To demonstrate the array formation, a DMA 

was fabricated with the same parameters as sample 7, featuring superhydrophilic 

spots of 2 mm in diameter and spaced 3.5 mm apart centre-to-centre. The array 

formation is illustrated in Figure 14. 
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Figure 14: Formation of droplet arrays on the droplet microarray. 

 

By following the similar procedure shown in Figure 14, droplet arrays were formed 

on the precise DMA. As the water droplets were very small, images were captured 

with the area scan camera (Baser ace acA2440-75uc, supplied by Basler AG, 

Germany) and it is shown in Figure 15. 
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Figure 15: Arrays of water droplets on the precisely designed DMA with superhydrophilic spots 
of 300 µm diameter. 

 

3.5 Durability and Stability of the Superhydrophobic Surface 

The durability and stability of a functional material are crucial because it ensures 

consistent performance over time, preventing degradation or failure that could 

compromise its intended function. It also contributes to the reliability, longevity, and 

cost-effectiveness of applications utilizing the material. To assess the durability and 

stability of the fabricated Al 6061 superhydrophobic surface (before the 2nd laser 

texturing), separate samples (prepared using parameters of sample 7) were subjected 

to various conditions: oven exposure (200°C, 24 hours), immersion in freshwater 

(24 hours), and ambient air storage (3 months). After each treatment, contact angle 

and sliding angle measurements were taken at five different positions on the sample. 

Figure 16 displays the average contact and sliding angles. The results indicate that 
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the fabricated sample maintained contact angles greater than 150° and sliding angles 

less than 10° after all treatments, demonstrating excellent durability and stability. 

 

Figure 16: Durability and stability of superhydrophobic Al 6061 surface after 24 hours at 200°C, 
after 24 hours under fresh water and after 3 months of storage in ambient air 

 

3.6 Durability of the Droplet Microarray 

As previously mentioned, one of the major applications of a DMA slide is cell 

culturing. Contamination with microorganisms or chemicals in cell culturing can 

lead to erroneous and irreproducible results and autoclaving is the most reliable and 

effective method to prevent such outcomes. Autoclaving is a sterilization technique 

that is done for 60-90 min at 121°C. The designed DMA with superhydrophilic spots 

of 2 mm diameter was placed in an oven at 121°C for 90 minutes. Before oven 

treatment, droplet arrays were formed on the DMA by immersing it in fresh water, 

with an average droplet volume of 0.9724 µL per superhydrophilic spot. After the 



28 

 

oven treatment, the process was repeated, resulting in an average droplet volume of 

0.9303 µL. Additionally, the superhydrophilic patterns retained good water adhesion 

after heat exposure, indicating that the designed DMA is suitable for the autoclaving 

process. 

 

3.7 Potential Disposable Applications 

Disposable materials play a crucial role in modern society by offering convenience, 

efficiency, and often cost-effectiveness in various applications. Their ability to fulfil 

specific functions temporarily or for a single use reduces maintenance requirements 

and enhances hygiene standards. Moreover, they contribute to sustainable practices 

by minimizing the need for extensive cleaning processes and conserving resources. 

To assess the feasibility of implementing the proposed manufacturing technique for 

creating disposable superhydrophobic and superhydrophilic surfaces, fabrication 

experiments were conducted on a Disposable Aluminum Dish (SL. Dis8051, 

provided by SciLab Korea, Republic of Korea). Figure 17 demonstrates the 

superhydrophobic surface and superhydrophilic arrays, fabricated on disposable 

aluminum dish. 
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Figure 17: Superhydrophobic and superhydrophilic surface fabrication on a disposable 

aluminium dish. 

A superhydrophobic surface was created on aluminium foil further to demonstrate 

the viability of the proposed fabrication process. The performance of this fabricated 

superhydrophobic aluminum foil is shown in Figure 18. The results highlight its 

excellent water repellency, with water droplets forming nearly spherical shapes and 

easily rolling off the surface. 

 

Figure 18: Water repellency of superhydrophobic aluminum foil. 
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Subsequently, the disposable aluminum foil was further processed to create a 

disposable droplet microarray (DMA), shown in Figure 19. The disposable DMA 

combines the flexibility and light weight of aluminum foil with the functionality of 

advanced microarray technology, making it ideal for high-throughput screening and 

single-use diagnostic applications. 

 

Figure 19: Disposable Droplet Microarray (DMA) 

 

3.8 Arbitrary and Complex Patterning 

One of the key advantages of the proposed manufacturing process is its ability to 

create arbitrary and complex patterns without the need for extra masks or additional 

treatments. Any intricate CAD-designed pattern can be textured onto the 

superhydrophobic metallic surface and subsequently rendered superhydrophilic 

through a hot water treatment process. This flexibility allows for the precise 

customization of surface properties, making it highly adaptable for a wide range of 

applications, from biomedical devices to microfluidic systems. The ability to easily 

switch between superhydrophobic and superhydrophilic states also enhances the 

functionality and versatility of the fabricated surfaces, opening up new possibilities 
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for innovative designs and applications in various scientific and industrial fields. 

Figure 20 shows some examples of the complex patterns and arrays. 

 

Figure 20: Arbitrary and complex patterning. 

 

3.9 Applications as Functional Materials 

Functional materials are a class of materials specifically engineered to exhibit unique 

properties and perform functions beyond merely providing structural support. These 

materials are designed to interact with their environment and respond to external 

stimuli such as heat, light, electric or magnetic fields, chemical agents, and 

mechanical stress in beneficial ways. Functional materials play a crucial role in a 

wide array of advanced technologies and applications, driving innovation in fields 

such as electronics, energy, biotechnology, and nanotechnology. 

Using our fabricated superhydrophobic surfaces, we have demonstrated (Figure 21) 

two key applications of these functional materials: (a) the bouncing effect, where 
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water droplets rebound off the surface due to its extreme water repellency, and (b) 

the self-cleaning effect, where contaminants are easily removed by water droplets 

rolling off the surface, maintaining cleanliness without the need for manual 

intervention. These applications highlight the potential of functional materials to 

enhance performance, efficiency, and convenience in various practical contexts. 

 

Figure 21: Illustration of (a) bouncing effect of superhydrophobic Al 6061, (b) self-cleaning 
process of superhydrophobic Al 6061 
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CHAPTER 4 

SURFACE CHARACTERIZATION 

4.1 XRD Analysis 

 

 

 

 

 

 

 

 

 

Figure 22: XRD results of the DMA at different stages of the fabrication process. 

In the XRD analysis shown in Figure 22, only aluminum and aluminum oxide peaks 

were visible in both the bare and 1st laser-textured samples. However, after the 

boiling water treatment, a new peak corresponding to AlOOH, a hydrophilic pseudo-

boehmite structure, was confirmed, indicating the formation of a new nanostructure 

in the sample. This AlOOH peak was also observed after treatments with silicon oil 

and hot water. Notably, the peak was absent following the 2nd laser texturing, likely 

due to the increased surface roughness induced by the process [55-57]. 
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4.2 FT-IR Analysis 

 

 

 

 

 

 

 

 

 

Figure 23: FR-IR results of the DMA at different stages of the fabrication process. 

Further insights were gained through FTIR analysis (Figure 23), revealing a 

distinctive band at 1064.52 cm⁻¹ indicative of the Al-O-OH bond formation post 

boiling water, silicon oil, and hot water treatments. Notably, the disappearance of 

CH2 and CH3 strong hydrophobic groups at 2854.15 cm⁻¹ and 2925.5 cm⁻¹ 

respectively, observed in the bare Al 6061 alloy, after the 1st laser texturing 

underscores the removal of the superhydrophobic surface by the laser. Conversely, 

following the silicon oil treatment, new bands associated with Si-O/Si-C and CH3 

emerged at 794.5 cm⁻¹, 1259.3 cm⁻¹, and 2960.22 cm⁻¹, reflecting the introduction 

of hydrophobic components onto the surface. This transformation was further 

corroborated by the significant increase in weight percentage observed in EDS 

analysis post-silicon oil treatment, confirming the development of a 

superhydrophobic surface. 
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4.3 SEM Analysis 

Figure 24 presents Scanning Electron Microscopy (SEM) images at three 

magnifications, illustrating the micro and nanoscale features of sample 7. The bare 

Al 6061 surface is initially smooth; however, distinct micro and nanostructures 

emerge after the first laser texturing, as depicted in Figure 24(b). No significant 

morphological changes were observed at the microscale following boiling water and 

silicon oil treatments. Nonetheless, the formation of entirely new nanostructures is 

evident at the nanoscale. These novel structures, resulting from the interaction 

between aluminium and boiling water, resulted as hydrophilic pseudo-boehmite 

structures, supported by XRD and FTIR analyses [60, 61]. In second laser texturing, 

the microstructures resemble those formed after the first texturing, but with 

decreased microstructures in their number. The hydrophilic pseudo-boehmite 

structures reappear following the hot water treatment but with a small size because 

of the temperature being lower at 60ºC, indicating that surface morphology is 

influenced by both the laser parameters and the subsequent hot water treatment.  
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Figure 24: SEM images of the designed DMA at different stages of the fabrication process. 
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4.4 EDS Analysis 

Based on the EDS results presented in Table 3, the increased weight ratio between 

oxygen and aluminum (O/Al) further confirms the formation of the pseudo-boehmite 

structure by the boiling water heat treatment. This observation is corroborated by 

FTIR analysis, which shows a prominent band at 1064.52 cm⁻¹, indicating the 

presence of Al-O-OH bonds following the boiling water, silicon oil, and hot water 

treatments. After the 2nd laser texturing, the nanostructures were destroyed. After the 

hot water treatment at 60oC, the nanostructures were formed again. However, the 

ratio of (O/Al) was less compared to the boiling water heat treatment process. This 

concludes higher temperature of the water enhances the formation of the 

nanostructure. These complementary analyses collectively validate the structural 

transformation and confirm the successful formation of hydrophilic pseudo-

boehmite on the treated surfaces. In addition, the increased weight ratio of (C/Al) 

after the silicon oil heat treatment confirms the organic absorption of the CH3 

compound from the air by the metallic substrate, making the sample 

superhydrophobic.  
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Table 3: Variations in the chemical composition of Al 6061 with sample 7 parameters after 
different stages of surface modification (percentage by weight) 

Elements Bare Al 

6061 

After 1st 

laser 

texturing 

After 

boiling 

water 

treatment 

After 

silicon 

heat 

treatment 

& IPA 

cleaning 

After 2nd 

laser 

texturing 

After hot 

water 

treatment 

at 60oC 

Al 87.60 76.33 31.49 26.0 78.21 51.73 

O 7.41 21.80 67.67 60.28 17.41 47.37 

Si 0.82 0.19 0.21 4.08 0.57 0.17 

C 0.45 0.23 0 9.33 1.73 0 

Mg 3.12 1.12 0.50 0.10 1.29 0.41 

Fe 0.60 0.33 0.12 0.21 0.80 0.31 

O/Al 0.084 0.286 2.149 2.318 0.223 0.916 

C/Al 0.005 0.003 0 0.359 0.022 0 

Si/Al 0.009 0.002 0.007 0.157 0.007 0.003 
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Further analysis of the surface morphology was conducted on the surfaces of various 

samples (samples 1, 3, 8, 9, 13, 15) to assess the impact of varying laser areal fluence 

(Fa) for confirming super hydrophilicity behaviour under specific parameters and 

compared the results with sample 7. With EDS results, we observed that with 

increasing energy input (Laser areal fluence), an increased O/Al weight ratio was 

observed and faster water droplets spreading whereas, the Si/Al ratio remained 

almost the same, as shown in the table. Notably, sample 13, characterized by the 

second lowest energy input, exhibits microscale grids as shown in Figure, having 

Si/Al ratio higher than other samples showing no spreading time suggesting, it can 

be hydrophilic or hydrophobic. 

Table 4: Variations in the O/Al, Si/Al superhydrophilic surfaces of different samples with 
laser areal fluence. 

Sample 

Spreading 

time (s) 

Laser areal fluence  

Fa (J/mm2) 
O/Al Si/Al 

Sample 3 1.94 2.4 2.32 0.003 

Sample 1 3.25 0.384 2.03 0.003 

Sample 9 2.87 0.266 2.06 0.001 

Sample 8 3.16 0.115 2.02 0.005 

Sample 15 3.12 0.096 1.41 0.006 

Sample 7 4.73 0.0426 0.916 0.003 

Sample 13 

No 

spreading 

0.0153 1.13 0.025 
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4.5 Confocal Microscopic Analysis 

The average surface roughness of the Al 6061 alloy at each stage of the surface 

treatment was also analyzed by the laser scanning confocal microscope, shown in 

Figure 25. Significant increases in surface roughness (Sa) were observed after the 

1st laser texturing and the boiling water heat treatment, supporting the formation of 

microstructures and nanostructures from the FE-SEM images in Figure 24. The 

roughness decreased after the 2nd laser texturing as it destroyed the previously 

created micro and nanostructures. The roughness again increases after hot water 

treatment due to newly formed nanostructures. Thus, the roughness of the surface at 

each stage of the fabrication process alligns with the outcomes of the FEM-SEM and 

XRD analysis. 
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Figure 25: Confocal microscopic images of (a) bare Al 6061 surface, (b) after 1st laser texturing, 
(c) after boiling water treatment, (d) after silicon oil heat treatment, (e) after 2nd laser texturing 

and (f) after hot water treatment at 60°C. 
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CHAPTER 5 

CONCLUSION 

 

An eco-friendly method to fabricate superhydrophobic/superhydrophilic surfaces on 

aluminum alloy 6061 was demonstrated using non-hazardous chemical treatments 

and nanosecond-pulse laser processing. Process parameters such as laser speed, step 

size, and power were optimized to achieve effective water separation between 

superhydrophilic patterns with good spreading characteristics. The nano-micro 

hierarchical composite architectures were attained through the combination of laser 

texturing for creating microstructures and the generation of pseudo-boehmite 

nanostructures by boiling water heat treatment. Surface morphology and chemistry 

analyses confirmed the presence of hydrophilic pseudo-boehmite nanostructures and 

low surface energy compounds responsible for the superhydrophobic and 

superhydrophilic wetting behaviours. The wettability characteristics of the 

superhydrophobic and superhydrophilic surfaces for each sample were investigated 

by the measurement of contact angle, sliding angle, and spreading of water droplets. 

The effect of laser parameters on the superhydrophilic surface fabrication was 

evaluated and wettability precision was established. By analyzing the wettability 

precision, the optimum laser parameters were chosen to design a droplet microarray 

with a density of 333 spots/cm2. The fabricated surfaces exhibited excellent stability 

and durability, withstanding prolonged exposure to air, fresh water, high 

temperatures, scratching, and autoclaving conditions suitable for cell culture 

applications. The versatility of the proposed method was demonstrated by creating 
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arbitrary superhydrophilic patterns on disposable aluminum dishes, enabling open-

air droplet transportation for potential applications. The eco-friendly nature, high 

precision, good stability, and ability to pattern disposable substrates make this 

fabrication approach promising for various applications requiring controlled 

wettability. Future work could explore scaling up the process for industrial 

manufacturing and integrating the patterned surfaces into functional devices across 

different fields. 
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