
 

 

ABSTRACT 

BARRUBEEAH, MOHAMMED SALEM. Polymeric Superomniphobic Surfaces via Laser 

Texturing. (Under the direction of Dr. Arun Kumar Kota) 

 

In many industrial applications, polymeric materials witness harsh liquids such as basic, 

acidic, or oily environments, which result in corrosion and degradation. One way of preventing 

this corrosion and degradation is by fabricating polymeric surfaces that are superomniphobic (i.e., 

extremely repellent to nearly all liquids). The fabrication of superomniphobic surfaces requires an 

appropriate surface texture on the micro/nano scale and a chemistry with low surface energy. In 

this work, we developed straightforward, scalable, solvent-free, laser texturing techniques, using 

simple and affordable laser engravers, to fabricate monolithic (i.e., a texture that is an integral part 

of the substrate) superomniphobic surfaces on both rigid and flexible/stretchable polymers. First, 

we utilized an inexpensive, commercially available, and portable solid-state diode laser engraver 

to produce appropriate surface micro/nano texture, followed by vapor phase silanization to impart 

low surface energy, for fabrication of superomniphobic surfaces on various rigid and flexible 

polymeric substrates (e.g., polycarbonate, polystyrene, polyamide, PEEK, epoxy etc.). Second, we 

used a commercially available CO2 laser system to produce appropriate surface micro/nano 

texture, followed by vapor phase silanization to impart low surface energy, for fabrication of ultra-

stretchable (up to 600% uniaxial strain) superomniphobic surfaces on elastomeric substrates. 

Furthermore, we performed systematic experiments and characterization to evaluate and 

understand the influence of key laser parameters on the wetting properties (e.g., contact angles, 

sliding angles etc.). 
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CHAPTER 1 INTRODUCTION 

Polymers are a popular choice of materials implemented in industries such as medicine, 

military, and daily-use products. Some examples of these implementations are clothing,1–3 flexible 

electronics,4–7artificial skins,8–10 artificial blood vessels,11–13 robotics body,14 sensors4,6 etc. This is 

due to their low manufacturing cost, lightweight, high flexibility, and recyclability.15 In many 

industrial applications, polymeric materials witness harsh liquids such as basic, acidic, or oily 

environments. As a result, they are subjected to corrosion and degradation,16–19 leading to 

malfunctioning.20,21 Surface physical and chemical modifications come in handy in these 

circumstances, as they can produce super-repellent surfaces that prevent corrosion and degradation 

due to liquids.22–25  

Super-repellent surfaces can be broadly classified as superhydrophobic surfaces, i.e., 

surfaces that repel high surface tension liquids (e.g., water),26 and superomniphobic surfaces, i.e., 

surfaces that repel high surface tension (e.g., water) and low surface tension liquids (e.g., oils).26 

Prior reports have demonstrated that superomniphobicity can be achieved through the integration 

of surface topography on the micron and sub-micron scale (e.g., re-entrant, convex curvature or 

overhang features) and chemistries  with low surface energy.27,28 The role of chemistries with low 

surface energy, effect of texturing and the fundamentals of wetting contributing towards 

superomniphobicity are described in Chapter 2. Superomniphobic surfaces can be fabricated 

through chemical etching,25 spray coating,29 spin-coating,30 photolithography,31 laser texturing 

etc.32 Among these fabrication techniques, laser texturing holds a significant advantage due to its 

simplicity, speed, scalability and solvent-free nature. Furthermore, laser texturing has the ability 

to produce both random and well-defined micro/nano textures.32,33 
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 In this work, we demonstrate the first ever scalable laser texturing technique to fabricate 

polymeric superomniphobic surfaces on rigid, flexible and stretchable polymers. Chapter 3 

describes the design of superomniphobic surfaces on rigid engineering polymers (e.g., 

polycarbonate, polystyrene, polyether ether ketone (PEEK), polyamide, and epoxy) using a 

portable, low-cost, solid-state diode laser engraver. Chapter 4 describes the design of ultra-

stretchable superomniphobic surfaces on flexible polymers (e.g., polysiloxanes or silicones) using 

a low-cost, CO2 laser engraver. In both Chapters 3 and 4, we have systematically investigated the 

influence of laser texturing parameters and thoroughly characterized and analyzed the resulting 

wetting properties. Based on the results of Chapters 3 and 4, Chapter 5 describes the conclusions 

of this work and potential future directions that can be pursued. 
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CHAPTER 2 BACKGROUND 

Surface wettability refers to the ability of a liquid to spread on a solid surface.34 Surface 

wettability can be directly measured through contact angle and contact angle hysteresis.26 

Chemical composition and microscopic morphology of the surface are major  factors affecting the 

wettability of a surface. Diverse degrees of surface wettability with chemical and/or morphological 

contributions can be seen across natural surfaces like lotus leaves,35  desert beetle,36 pitcher plant,37 

and shark skin,38 as well as man-made surfaces like polymers, metals, ceramics etc.  Through 

Chapter 2, we discuss the basics of surface wettability and the design criteria for fabrication of 

superomniphobic surfaces, which can resist wetting by virtually all liquids. These fundamentals of 

wettability are later used in Chapters 3 and 4 to fabricate polymeric materials with varying surface 

wettability. 

2.1 Contact Angle and Contact Angle Hysteresis 

When a liquid droplet contacts a given surface, it wets or dewets until it reaches 

equilibrium. The contact angle is described as the angle between the tangents to the solid-liquid 

interface and the liquid-air interface at the triple phase contact line (i.e., the line where vapor-

liquid-solid come into contact) (Figure 2.1).26,34 If the solid surface is smooth and non-reactive, 

then the contact angle formed by the liquid droplet is known as the equilibrium contact angle. 

Young's equation describes the equilibrium contact angle on a smooth, non-reactive surface as 

follows:39 

cos(𝜃𝑌) =
𝛾𝑆𝑉−𝛾𝑆𝐿

𝛾𝐿𝑉
           (1.1) 
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where 𝛾𝑆𝑉 is the solid surface energy, 𝛾𝐿𝑉 is the liquid surface tension, and 𝛾𝑆𝐿 is the solid-liquid 

interfacial energy. This expression can be considered as a force balance on a liquid droplet in 

equilibrium.40  

 

Figure 2.1 Schematic depicting the Young’s contact angle and the triple-phase contact line. 

 

Surfaces can be classified based on the contact angles with high and low surface tension 

liquids. Liquids with high surface tension like water do not spread on a hydrophobic surface, rather 

they bead up. Meanwhile, liquids with both high surface tension (e.g., water) and low surface 

tension (e.g., oils) bead up on omniphobic surfaces. With hydrophobic surfaces, when a droplet 

with high surface tension contacts the surface, it displays Young’s contact angle greater than 90° 

(𝜃𝑌 > 90°). On the other hand, with omniphobic surfaces, Young's contact angles for both low 

and high surface tension liquids are greater than 90° (𝜃𝑌 > 90°). With hydrophilic surfaces, 

Young’s contact angle for high surface tension liquids is less than 90°  (𝜃𝑌 < 90°).  With 

omniphilic surfaces, Young's contact angle for both low and high surface tension liquids is less 

than 90°  (𝜃𝑌 < 90°).   

According to Young’s equation, decreasing solid surface energy for any material will 

increase the Young’s contact angle. Therefore, low surface energy chemistries (e.g., hydrocarbon 

and fluorocarbon chemistries)41 are ideal choices to fabricate omniphobic surfaces. Many prior 

reports have shown that surfaces modified by fluorocarbon chemistries lead to a decrease in  

surface energy, thereby obtaining omniphobic surfaces.26 However, long chain fluorocarbon 
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materials (e.g., TeflonTM developed by DuPont; now marketed by Chemours) can decompose into 

perfluorooctanoic acid (PFOA),42 which is bio-accumulative and is considered an emerging 

contaminant by environmental agencies across the world as well as by panels of scientists that 

have extensively investigated long chain fluorocarbons.42–44 So, when possible, it is preferred to 

use hydrocarbon chemistries or short chain fluorocarbon chemistries for designing omniphobic 

surfaces. 

Another parameter to characterize surface wettability is the contact angle hysteresis (∆𝜃). 

Contact angle hysteresis is the difference between the maximum (or advancing) contact angle and 

minimum (or receding) contact angle on the surface.34,45 Contact angle hysteresis arises from 

physical heterogeneity (i.e., surface roughness)46 and chemical heterogeneity (i.e., differences in 

surface chemistry) of the surface.47 A surface with a low contact angle hysteresis significantly 

decreases adhesion between the liquid and the solid surface. Therefore, when contact angle 

hysteresis decreases, the ease of movement of liquid droplets on the surface increases. 

 

Figure 2.2 Schematic depicting advancing and receding contact angles. 

 

2.2 Roll-Off or Sliding Angle  

The sliding/roll-off angle is the smallest angle by which a solid surface must be tilted for a 

liquid droplet to slide off or roll-off from the surface. At the onset of motion, the liquid droplet 

displays advancing contact angle (𝜃𝑎𝑑𝑣) at the leading edge and receding contact angle (𝜃𝑟𝑒𝑐) at 

the trailing edge. Using an energy balance between work done due to adhesion and work done by 
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gravity, Furmidge provided an equation for calculating the sliding/roll-off angle (𝜔) of a liquid 

droplet on a surface.48 The liquid droplet will begin to roll or slide off the surface when it is tilted 

by angle 𝜔. Furmidge's equation can be used to predict the sliding/roll-off angle: 

sin 𝜔 =
𝛾𝐿𝑉𝑤(cos 𝜃𝑟𝑒𝑐−cos 𝜃𝑎𝑑𝑣)

𝜌𝑔𝑉
         (1.2)   

where 𝑤 is the width of triple phase contact line, 𝑉 is the volume of the liquid droplet, 𝜌 is the 

density of liquid droplet, and 𝑔 is the gravitational acceleration, 𝜃𝑎𝑑𝑣 is advancing contact angle, 

and 𝜃𝑟𝑒𝑐 is receding contact angle. When contact angle hysteresis is low, according to Furmidge's 

equation (Equation 2), it results in a low value of 𝛼, and allows the droplet to slide off easily on 

the surface. 

 

Figure 2.3 Schematic depicting a droplet on a tilted surface at the onset of motion. 

 

2.3 Textured Surface 

When a liquid droplet contacts a textured/rough surface, it displays an apparent contact 

angle (𝜃∗). This angle is different from Young’s contact angle, which is shown on non-textured 

surfaces. The apparent contact angle (𝜃∗) is determined by both the physical texture and the 

chemistry of a given surface.  In this instance (textured surface), the droplet can either adopt the 

Wenzel state or the Cassie-Baxter state in order to reduce total free energy.49 In the Wenzel state, 

liquid can penetrate into the surface protrusions and fully wet the solid surface (Figure 2.4). 
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Figure 2.4 Schematic depicting a liquid droplet in the Wenzel State on a textured surface. 

Wenzel used the roughness factor (r) to describe the roughness of a given textured surface. 

𝑟 =
𝐴𝑐𝑡𝑢𝑎𝑙 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎

𝑝𝑟𝑜𝑗𝑒𝑐𝑡𝑒𝑑 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎
           (1.3) 

For any textured surface, the actual surface area is higher than the projected surface area. As a 

result, the roughness factor (r) is greater than one. The apparent contact angle of a droplet in 

Wenzel state (𝜃𝑊
∗ ) may be expressed as:50 

cos(𝜃𝑊
∗ ) = 𝑟 cos 𝜃𝑌           (1.4) 

where r is the roughness factor and 𝜃𝑌 is Young’s contact angle. From Equation 4, it is evident 

that in the Wenzel state, 𝜃𝑊
∗  << 90° if it has 𝜃𝑌 < 90° and 𝜃𝑊

∗  >> 90° if it has 𝜃𝑌 > 90°. Subsequently, 

contact angle hysteresis for a liquid droplet in Wenzel state is high as liquid is interlocked within 

the solid.51 In other words, the Wenzel state enhances wetting due to the presence of texture.  

 In the Cassie-Baxter state, liquid partially penetrates into the surface protrusions as air is 

trapped between the features.52 Consequently, a composite solid-liquid-air interface is developed 

in between the solid surface and the liquid droplet (Figure 2.5). 
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Figure 2.5 Schematic depicting a liquid droplet in Cassie-Baxter State on a textured surface. 

 

The apparent contact angle of a droplet in Cassie-Baxter state (𝜃𝐶𝐵
∗ ) may be expressed as:53  

cos 𝜃𝐶𝐵
∗ = 𝑓𝑆𝐿 cos 𝜃𝑌 + 𝑓𝐿𝑉 cos 𝜋         (1.5) 

where 𝑓𝑆𝐿 is the area fraction of solid-liquid interface and 𝑓𝐿𝑉 is the area fraction of the liquid-

vapor interface of a liquid droplet in the Cassie-Baxter state. As evident from Equation 5, the 

apparent contact angle is a function of the area fractions of solid-liquid and liquid-vapor interface. 

An increase in the liquid-vapor area fraction and decrease in solid-liquid area fraction results in an 

increase of the apparent contact angle. Furthermore, a decrease in solid-liquid contact area implies 

that the liquid does not perceive heterogeneity on the solid as much, thereby reducing the contact 

angle hysteresis of a textured surface in the Cassie-Baxter state. 

2.4  Super-Repellent Surfaces 

Super-repellent surfaces can be designed by combining low surface energy chemistry and 

appropriate surface texture to achieve Cassie-Baxter state. Here, it must be noted that super-

repellent surfaces cannot be designed with non-textured surfaces, regardless of the low surface 
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energy chemistry. Broadly, super-repellent surfaces can be classified as superhydrophobic surfaces 

and superomniphobic surfaces. Superhydrophobic surfaces are extremely repellent to high surface 

tension liquids like water (Figure 2.6A). More precisely, a surface is considered superhydrophobic 

when it displays apparent contact angle 𝜃∗ > 150° and contact angle hysteresis ∆𝜃∗ < 10° or sliding 

angle 𝜔 < 10° with high surface tension liquids like water. Superomniphobic surfaces are 

extremely repellent to both high surface tension liquids like water and low surface tension liquids 

like oils (Figure 2.6B). More precisely, a surface is considered superomniphobic when it displays 

apparent contact angle 𝜃∗ > 150° and contact angle hysteresis ∆𝜃∗ < 10° or sliding angle 𝜔 < 10° 

with both high and low surface tension liquids.54,55 

 

Figure 2.6 A) Natural example (lotus leaf) of a superhydrophobic surface. B) Man-made 

example (coated wire mesh) of a superomniphobic surface.55 

 

2.5 Re-Entrant Texture  

Although Cassie-Baxter state is desirable for designing super-repellent surfaces, not all 

types of textures can support liquids with low surface tension in the Cassie-Baxter state.26 A stable 

Cassie-Baxter state can be attained only when the Young’s contact angle (𝜃𝑌) is greater than the 

texture angle (𝜓), i.e., 𝜃𝑌  ≥ 𝜓.56 Here, texture angle 𝜓 is the angle between the tangent to the 

solid-air interface and the horizontal, measured through the solid, below the horizontal (Figure 

2.7A and 2.7B). If 𝜃𝑌 <  𝜓, the liquid-air interface would adopt an unstable configuration, which 

leads to Wenzel state.26,56 
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Typically, low surface tension liquids tend to display 𝜃𝑌 < 90°. In order to support such 

low surface tension liquids in the Cassie-Baxter state, it is essential to have textures with 𝜓 < 90° 

so that 𝜃𝑌  ≥ 𝜓. Such textures, with 𝜓 < 90° are called re-entrant (or multi-valued or undercut or 

overhang or convex) textures. For a surface with re-entrant texture, a normal to the surface 

intersects the texture (i.e., the solid-air interface) at two or more locations (Figures 2.7A-2.7C). 

Re-entrant texture is essential to achieve a robust Cassie-Baxter state for low surface tension 

liquids like oils. 

 

Figure 2.7 A) Example of re-entrant texture. B)  Example of non-re-entrant texture. C) A real 

example of re-entrant texture. 

 

2.6 Hierarchical Structure 

Hierarchical structure refers to textured surfaces with more than one length scale of texture, 

e.g., where coarser length scale features (the first layer of solid surface features) are covered by 

finer length scales (smaller solid surface features) (Figure 2.8A and 2.8B). When a droplet contacts 

a hierarchical structure and adopts a Cassie-Baxter state, the multiple length scales of texture allow 

more air to be entrapped, increasing the liquid-air area fraction 𝑓𝐿𝑉 and reducing the solid-liquid 

area fraction 𝑓𝑆𝐿 compared to textures with a single length scale.57 As a result, hierarchical structure 

results in higher apparent contact angles compared to textures with a single length scale, as evident 
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from the Cassie-Baxter equation (Equation 1.5). Furthermore, the decrease in solid-liquid contact 

area on hierarchical structures results in lower contact angle hysteresis compared to textures with 

a single length scale. 

 
Figure 2.8 A) Schematic of a liquid droplet in Cassie-Baxter State on a hierarchal textured 

surface. B) SEM image of a lotus leaf illustrating hierarchal structure (coarser features are 

covered by finer length scale features). 58 

 

2.7 Anisotropic Texture 

A surface is said to be isotropic in wettability when apparent contact angles measured in 

any direction is identical.59 On the contrary, on anisotropic textures (e.g., parallel ridges; Figure 

2.9A), contact angles and sliding angles depend on the direction. Consider a liquid droplet on the 

anisotropic parallel ridge structure (xy plane) in the Cassie-Baxter state. The contact angle of the 

droplet perpendicular to the ridges (droplet advancing and receding along the x-direction, observed 

from the y-direction;  Figure 2.9B) will be higher than the contact angle along the ridges (droplet 

advancing and receding along the y-direction, observed from the x-direction; Figure 2.9C).59 This 

is because the local solid-liquid area fraction 𝑓𝑆𝐿,𝑙𝑜𝑐𝑎𝑙 is higher along the ridges compared to 

perpendicular to the ridges.60 Correspondingly, based on the Cassie-Baxter equation (Equation 

1.5), one must anticipate that the apparent contact angle along the ridges will be lower than that 

perpendicular to the ridges. Furthermore, the sliding angle of the droplet along the ridges (along 

y-direction) will be lower than the sliding angle perpendicular to the ridges (along x-direction). 
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This is because it is energetically more favorable for the droplet to move along the ridges than 

perpendicular to the ridges. Unlike moving along the ridges, for the droplet to move perpendicular 

to the ridges, new liquid-air interface must be formed, which requires energy to be expended, and 

consequently it is energetically unfavorable.60–63 

 

Figure 2.9 A) schematic top view of droplet. B) contact angle profile of θx. C) contact angle 

profile of θy.59 

2.8 Techniques for Fabrication of Texture for Super-Repellent Surfaces 

To make a super-repellent surface, typically a micro/nano texture is fabricated, and the 

surface is modified with a low surface energy chemistry to achieve Cassie-Baxter state with high 

𝑓𝐿𝑉 and low 𝑓𝑆𝐿. There are many techniques to fabricate the desired micro/nano texture (without 

or with re-entrant texture, hierarchical structure and anisotropic texture) for super-repellent 

surfaces. Here, we provide the primary advantages and disadvantages of the common micro/nano 

texture fabrication techniques. 
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Spray coating: In spray coating, polymer and/or nanoparticle suspensions/solutions are sprayed 

onto substrates and solidified into thin films.30,64 This technique is scalable, straightforward and 

inexpensive, but not solvent-free, and typically creates random textures.65,66 

Spin coating: In spin coating, polymer and/or nanoparticle suspensions/solutions are dispensed 

onto a substrate, following by spinning the substrate to create a uniform thin film due to the 

centrifugal forces. This technique is straightforward and inexpensive, but not scalable or solvent-

free, and typically creates random textures.67,68   

Dip coating: In dip coating, the substrate is immersed into polymer and/or nanoparticle 

suspensions/solutions, removed and dried to form a thin film. This technique is scalable, 

straightforward and inexpensive, but not solvent-free, and typically creates random textures.69,70  

Chemical etching: In chemical etching, the surface of a substrate is removed or dissolved via 

chemical reaction or oxidation with harsh chemical like acids or bases. This technique is scalable, 

straightforward, inexpensive and creates monolithic textures, but not solvent-free, and typically 

creates random textures.71,72 

Photolithography: In photolithography, a photosensitive polymer is exposed light through a mask 

to obtain the desired periodic texture. This technique provides very precise monolithic textures, 

but it is not simple, solvent-free or inexpensive.73,74 

Dry reactive ion etching: In dry reactive ion etching, selective areas of a substrate are bombarded 

with ions to remove material and obtain the desired periodic texture. This technique provides very 

precise monolithic textures, but it is not simple or inexpensive.66,75 

Molding: In molding, liquids (e.g., polymers, molten metals etc.) are filled into a mold of the 

desired pattern, then frozen/cured and removed from the mold to obtain the desired texture. This 
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technique is scalable and creates monolithic texture, but it is not inexpensive and requires an 

additional mask-making step.76,77   

Laser texturing: In laser texturing, a laser beam is focused on the desired area of a surface with an 

objective lens; the beam ablates and removes materials from the surface at the focal point. The 

laser beam can move along predetermined paths, line by line, to produce random or well-defined 

monolithic textures,33 on a wide range of materials and is solvent-free by nature.32,78 Laser texturing 

can be accomplished with expensive ultra-fast lasers (e.g., nanosecond and femtosecond 

lasers),32,78 or by inexpensive lasers (e.g., CO2 or diode lasers).  
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CHAPTER 3 POLYMERIC SUPEROMNIPHOBIC SURFACES VIA SOLID-STATE 

DIODE LASER TEXTURING 

Polymeric materials are widely used in industrial applications due to their moldability, 

flexibility and ease of coating procedures.15 With wide applications comes a need for prevention 

of corrosion or degradation, which can be accomplished with surface modifications that are 

extremely repellent to nearly all liquids (superomniphobic). Such superomniphobic surfaces have 

a wide range of applications including antifouling,22 self-cleanings,38 corrosion resistance,23 

membrane separation,79 and drag reduction.80 While there are many techniques to fabricate 

superomniphobic surfaces, most of them suffer from one or more of the following drawbacks – 

expensive, not solvent-free, not scalable or cannot produce monolithic structures. Recently, 

fabrication of super-repellent surfaces via laser texturing has received significant attention because 

laser texturing is inexpensive, scalable, solvent-free, and can produce a monolithic structure.32,75,81–

83 Most prior reports on fabrication of super-repellent surfaces via laser texturing have either 

utilized expensive lasers32,82 or focused on superhydrophobic surfaces32 or fabricated 

superomniphobic surfaces with non-polymeric substrates.81 To the best of our knowledge, there 

are no polymeric superomniphobic surfaces fabricated via laser texturing. 

 Through this chapter, we fabricated unique monolithic superomniphobic surfaces on 

polymeric materials using a portable and inexpensive solid-state diode laser. In order to do so, the 

appropriate texture was created via laser texturing, followed by a chemical modification (with a 

fluorinated silane) of the laser-textured surface to impart low surface energy. The key parameters 

in texturing with solid-state diode laser are laser power, laser raster speed and laser raster spacing. 

Each combination of these parameters results in a different texture, which may or may not be 

appropriate for superomniphobicity. Therefore, it is essential to determine the combination of these 
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key parameters that results in superomniphobicity. In order to accomplish this, we systematically 

studied the influence of each parameter on the texture and wettability of the surface. 

3.1 Materials and Methods 

3.1.1 Polymer Materials 

We chose a set of common engineering polymers. Polystyrene (PS), and Polycarbonate 

(PC) are sheets with a thickness of 3 mm (McMaster Carr). Polyether ether ketone (PEEK) is a 

sheet of 2.3 mm thickness (McMaster Carr). Polyamide (PI) is an adhesive tape with a width of 2 

cm and a thickness of 0.25 mm (Amazon). Epoxy is a resin made with two parts mixed in equal 

proportion (part A is bisphenol diglycidyl ether epoxy resin, and part B is triethylenetetramine as 

hardener/curing agent) and cured at room temperature for 2 h with a thickness of ~3 mm (Amazon).  

3.1.2 Laser texturing 

A commercially available solid-state laser system (Ortur Laser Master 2 Pro) with a 

wavelength of 450 nm was used for laser texturing. Using a 29 mm focal length lens, the laser was 

focused onto the sample with a 400 µm beam diameter. Laser texturing was performed on different 

polymeric substrates over a wide range of powers from 0.5 W to 20 W, raster speeds from 100 

mm/min to 3500 mm/min, and raster spacing from 50 µm to 500 µm. Parametric studies were 

conducted on all laser operating conditions, then the ideal combination of each polymer was 

determined.  

3.1.3 Vapor Phase Silanization 

Vapor phase silanization is a simple technique that allows surface chemistry modification 

for a wide variety of substrates. In silanization, a functional silane (e.g., fluorinated silane)  reacts 

with a hydroxylated substrate (i.e., with -OH groups) to covalently attach to the surface and impart 

it the desired functionality (e.g., low surface energy).84 In a typical experiment, the laser ablated 



17 

 

 

 

substrate is “activated” by hydroxylation using air plasma (Plasma Etch; RF power = 15 W, air 

pressure = 0.4 Torr) for 15 min. Then, the substrate is exposed to vapors of a fluorinated silane (70 

μL of heptadecafluoro-1,1,2,2-tetrahydrodecyl trichlorosilane; from Gelest) at 120°C for 1 h to 

impart low solid surface energy (𝛾𝑆𝑉 ≈ 9 mN/m).85  

3.1.4 Characterization of Surface Morphology 

The surface morphology was determined by imaging the surfaces with a Scanning Electron 

Microscope (SEM; Thermo Scientific Phenom Pro G6). The polymeric samples were not 

electrically conductive. Since SEM requires conductive samples, a thin layer (about 1-3 nm) of 

gold was sputtered (Cressington 108 sputter coater) on the samples prior to imaging.86 The samples 

were mounted on the SEM stub with a double-sided copper tape. The copper tape ensured a 

conductive pathway for electrons during imaging. We used a low acceleration voltage of 2 kV to 

reduce accumulation of surface charge; higher acceleration voltages led to accumulation of 

electrons and severe sample charging, making imaging very difficult. 

3.1.5 Contact and Roll-Off Angle Measurements 

The advancing contact angle, receding contact angle, and roll-off angle were measured for 

different liquids using 20 µL droplet (Ramé Hart 260-F4 goniometer). The advancing contact 

angles were measured by continuously adding liquid, which allows the liquid-air interface to 

advance on the surface; and the receding contact angles were measured by continuously 

withdrawing liquid, which allows the liquid-air interface to recede on the surface. The roll-off 

angles were determined by gradually tilting the goniometer stage until the droplet rolled-off the 

surface. For all surfaces, at least 5 measurements of advancing contact angles, receding contact 

angles, and roll-off angles were conducted for each liquid. The error for contact angle and roll-off 

angle measurements was 3° and 1°, respectively. 
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3.2 Results and Discussion 

When the polymeric substrates were ablated with the laser, the surface absorbed the energy  

of the laser beam, resulting in multiple physical processes including melting, vaporization, 

sublimation, splashing, and re-solidification.82,87–89 These complex laser-material interactions 

resulted in different micro/nano textures on the surfaces. The key factors affecting such surface 

texturing are the laser power, raster speed and raster spacing. So, we systematically investigated 

the influence of each of these parameters on the morphology and wettability of the laser-ablated 

polymeric surfaces. 

3.2.1 Influence of Laser Power on Surface Superomniphobicity 

In order to systematically investigate the influence of laser power on surface texture and 

wettability, we ablated the polymeric surfaces with different laser powers at a fixed laser raster 

speed and laser raster spacing. For all the polymers tested, we observed a rougher surface 

morphology and increased liquid repellency at higher laser power compared to lower laser power. 

For example, we ablated PC with different laser powers (0.5 W-20 W) at a fixed laser raster speed 

of 1000 mm/min and laser raster spacing at 150 µm, and then modified the laser-textured surfaces 

with the fluorinated silane. When PC was ablated at a lower laser power of 5 W, the SEM images 

at different length scales (from 10 µm to 100 µm; Figures 3.1A and 3.1B) indicated that the surface 

morphology was not very rough and very similar to as received PC. After surface modification 

with the fluorinated silane, the apparent advancing contacting angle, apparent receding contact 

angle and roll-off are 𝜃𝑎𝑑𝑣
∗  = 110°, 𝜃𝑟𝑒𝑐

∗  = 72° and 𝜔 = 48°, respectively for water (𝛾𝐿𝑉 ≈ 72 mN/m; 

a representative high surface tension liquid), and 𝜃𝑎𝑑𝑣
∗  = 70°, 𝜃𝑟𝑒𝑐

∗  = 34° and 𝜔 = 58°, respectively 

for n-hexadecane (𝛾𝐿𝑉 ≈ 27.5 mN/m; a representative low surface tension liquid; Figures 3.2A and 

3.2B). From the measurements of contact angles and roll-off angles for both liquids, the droplets 
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display high contact angle hysteresis (∆𝜃∗ = 𝜃𝑎𝑑𝑣
∗  – 𝜃𝑟𝑒𝑐

∗ ) and high roll-off angle (𝜔), which 

indicate that the droplets adopted the Wenzel state and wet the surface.  

 

Figure 3.1  A) and B) SEM images of ablated polycarbonate at different magnifications for 5 W 

laser power. C) and D) SEM images of ablated polycarbonate at different magnifications for 11 

W laser power. 

 

When PC was ablated at an intermediate laser power of 8 W, after surface modification 

with fluorinated silane, the apparent advancing contact angle, apparent receding contact angle and 

roll-off angle are 𝜃𝑎𝑑𝑣
∗  = 160°, 𝜃𝑟𝑒𝑐

∗  = 158° and 𝜔 = 1°, respectively for water, and 𝜃𝑎𝑑𝑣
∗  = 143°, 

𝜃𝑟𝑒𝑐
∗  = 134° and 𝜔 = 18°, respectively  for n-hexadecane (Figures 3.2A and 3.2B). From these 

contact angle and roll-off angle measurements, it is evident that the surface is superhydrophobic 

(𝜃∗ > 150° and  𝜔 < 10° for water); however, it is not superomniphobic (𝜃∗< 150° and 𝜔 > 10° for 

n-hexadecane). This is possibly because the texture is sufficient to maintain Cassie-Baxter for 

water (a high surface tension liquid), but perhaps not re-entrant enough to maintain Cassie-Baxter 
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for n-hexadecane (a low surface tension liquid). Note that re-entrant texture is required to achieve 

superomniphobicity (Section 2.5).  

 

Figure 3.2 A) The influence of laser power on advancing and receding contact angles for water 

and hexadecane. B) The influence of laser power on the roll-off angle for water and hexadecane. 

When PC was ablated at a higher laser power of 11 W, the SEM images indicated a very 

rough surface morphology with interlinked sub-micron re-entrant features (Figures 3.1C and 

3.1D). After surface modification with fluorinated silane, the apparent advancing contact angle, 

apparent receding contact angle and roll-off angle are 𝜃𝑎𝑑𝑣
∗  = 166°, 𝜃𝑟𝑒𝑐

∗  = 165° and 𝜔 = 1°, 

respectively for water, and 𝜃𝑎𝑑𝑣
∗  = 156°, 𝜃𝑟𝑒𝑐

∗  = 154° and 𝜔 = 4°, respectively , for n-hexadecane 

(Figures 3.2A and 3.2B). From these contact angle and roll-off angle measurements, it is evident 

that the surface is superomniphobic, i.e., 𝜃∗ > 150°  and  𝜔 < 10° for both water and hexadecane. 

This is because both the liquids adopted the Cassie-Baxter state with high apparent contact angles, 

low contact angle hysteresis and low roll-off angles. When PC was ablated at even higher laser 

powers of 11-20 W, the surfaces continued to display superomniphobicity with high apparent 

contact angles and low roll-off angles for both water and n-hexadecane (Figures 3.2A and 3.2B). 

However, since the higher power consumes more energy and can possibly degrade the material, 

we utilized 11 W to ablate PC substrates.  
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3.2.2 Influence of Laser Raster Speed on Superomniphobicity 

In order to systematically investigate the influence of laser raster speed on surface texture 

and wettability, we ablated the polymeric surfaces with different laser raster speeds (200 mm/min-

3500 mm/min) at a fixed laser power and at a fixed laser raster spacing. For all the polymers tested, 

we observed a rough surface morphology without irregularities and increased liquid repellency at 

intermediate laser raster speeds compared to lower and higher laser raster speeds. For example, 

when PC was ablated at a lower laser raster speed of 200 mm/min, the surface visibly melted and 

SEM images at different length scales (from 10 µm to 100 µm; Figures 3.3A and 3.3B) indicated 

that the surface morphology formed relatively smoother and larger features. This is because the 

substrate is exposed to the laser beam for a longer time, and therefore, the energy absorbed per 

unit area is higher. After surface modification with fluorinated silanes, the advancing and receding 

contact angles and roll-off respectively are 𝜃𝑎𝑑𝑣
∗  = 140°, 𝜃𝑟𝑒𝑐

∗  = 120° and 𝜔 = 21°, respectively for 

water, and 𝜃𝑎𝑑𝑣
∗  = 79°, 𝜃𝑟𝑒𝑐

∗  = 44° and 𝜔 = 40°, respectively , for n-hexadecane (Figures 3.4A and 

3.4B). From these contact angle and roll-off angle measurements, it is evident that the surface 

shows a high contact angle hysteresis and a high roll-off angle for both liquids, which indicate that 

the droplets adopted the Wenzel state and wet the surface.  

When PC was ablated at an intermediate raster speed of 1100 mm/min, the SEM images 

indicate a very rough surface morphology with interlinked sub-micron re-entrant features (Figures 

3.3C and 3.3D). After surface modification with fluorinated silanes, the advancing and receding 

contact angles and roll-off respectively are 𝜃𝑎𝑑𝑣
∗  = 166°, 𝜃𝑟𝑒𝑐

∗  = 165° and 𝜔 = 1°, respectively for 

water, and 𝜃𝑎𝑑𝑣
∗  = 156°, 𝜃𝑟𝑒𝑐

∗  = 154° and 𝜔 = 4°, respectively , for n-hexadecane (Figures 3.4A and 

3.4B). From these contact angle and roll-off angle measurements, it is evident that the surface is 

superomniphobic, i.e., 𝜃∗ > 150°  and  𝜔 < 10° for both water and n-hexadecane. This is because 
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both the liquids adopted the Cassie-Baxter state with high apparent contact angles, low contact 

angle hysteresis and low roll-off angles. 

 

Figure 3.3 A) and B) SEM image of ablated polycarbonate at 200 mm/min of laser raster speed. 

C) and D) SEM image of ablated polycarbonate at 1100 mm/min. Inset in D shows surface 

morphology at an even higher magnification. E) and F) SEM image of ablated polycarbonate at 

3500 mm/min of laser raster speed. 

At higher laser raster speed of 3500 mm/min, SEM images indicated a surface morphology 

with irregularly distributed features (Figures 3.3E and 3.3F); some areas had re-entrant texture, 

while others did not. This is because the energy absorbed by the substrate per unit area is too low 

since it was exposed to the laser for a shorter amount of time. After surface modification with 

fluorinated silane, the apparent advancing contact angle and apparent receding contact angles and 

roll-off angle are 𝜃𝑎𝑑𝑣
∗  = 155°, 𝜃𝑟𝑒𝑐

∗  = 152° and 𝜔 = 1°, respectively for water, and 𝜃𝑎𝑑𝑣
∗  = 153°, 

𝜃𝑟𝑒𝑐
∗  = 139° and 𝜔 = 17°, respectively for n-hexadecane (Figures 3.4A and 3.4B). From these 

contact angle and roll-off angle measurements, it is evident that the surface is superhydrophobic; 

however, it is not superomniphobic (𝜔 > 10° for n-hexadecane). This is possibly because the 
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texture is sufficient to maintain Cassie-Baxter for water, but perhaps irregularly re-entrant and 

insufficient to maintain Cassie-Baxter for n-hexadecane. 

 

Figure 3.4 A) The influence of laser raster speed on advancing and receding contact 

angles for water and hexadecane. B) The influence of laser raster speed on the roll-off angle for 

water and hexadecane. 

3.2.3 Influence of Laser Raster Spacing on Superomniphobicity 

In order to systematically investigate the influence of laser raster spacing on surface texture 

and wettability, we ablated the polymeric surfaces with different laser raster spacing values (50 

µm – 500 µm) at a fixed laser power and at a fixed laser raster speed. For all the polymers tested, 

we observed a rough re-entrant surface morphology without irregularities and increased liquid 

repellency at intermediate laser raster spacings compared to lower and higher laser raster spacings. 

For example, when PC was ablated at lower laser raster spacing of 50 µm, the surface visibly 

melted and SEM images at different length scales (from 10 µm to 100 µm; Figures 3.5A and 3.5B) 

indicated a surface morphology with irregularly distributed features; some areas had re-entrant 

texture while others did not. This is because the substrate is exposed to the laser beam multiple 

times when the laser raster spacing is lower than the laser spot size (~400 m), and therefore, the 

energy absorbed per unit area is too high, causing the features to melt and lose re-entrant texture. 
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After surface modification with fluorinated silane, the advancing and receding contact angles and 

roll-off respectively are 𝜃𝑎𝑑𝑣
∗  = 171°, 𝜃𝑟𝑒𝑐

∗  = 161° and 𝜔 = 1°, respectively for water, and 𝜃𝑎𝑑𝑣
∗  = 

151°, 𝜃𝑟𝑒𝑐
∗  = 100° and 𝜔 = 25°, respectively (Figures 3.6A and 3.6B). From these contact angle 

and roll-off angle measurements, it is evident that the surface is superhydrophobic; however, it is 

not superomniphobic (𝜔 > 10° for hexadecane). This is possibly because the texture is sufficient 

to maintain Cassie-Baxter for water, but perhaps irregularly re-entrant and insufficient to maintain 

Cassie-Baxter for n-hexadecane. 

When PC was ablated at a moderate raster spacing of 150 µm, the SEM images indicate a 

very rough surface morphology with interlinked sub-micron re-entrant features (Figures 3.5C and 

3.5D). After surface modification with fluorinated silanes, the advancing and receding contact 

angles and roll-off respectively are 𝜃𝑎𝑑𝑣
∗  = 166°, 𝜃𝑟𝑒𝑐

∗  = 165° and 𝜔 = 1°, respectively for water, 

and 𝜃𝑎𝑑𝑣
∗  = 156°, 𝜃𝑟𝑒𝑐

∗  = 154° and 𝜔 = 4°, respectively for n-hexadecane (Figures 3.6A and 3.6B). 

From these contact angle and roll-off angle measurements, it is evident that the surface is 

superomniphobic 𝜃∗ > 150°  and  𝜔 < 10° for both water and n-hexadecane. This is because both 

the liquids adopted the Cassie-Baxter state with high apparent contact angles, low contact angle 

hysteresis and low roll-off angles.  

When PC was ablated at higher laser raster spacing of 500 µm, SEM images at different 

length scales (from 10 µm to 100 µm; Figures 3.5E and 3.5F) indicated a surface morphology with 

irregularly distributed features; some areas had re-entrant texture while others did not. This is 

because the laser beam does not ablate certain areas of the substrate when the laser raster spacing 

is higher than the laser sport size (~400 m). 
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Figure 3.5 A) and B) SEM image of ablated polycarbonate 50 µm of laser raster spacing. C) and 

D) SEM image of ablated polycarbonate at 150µm of laser raster spacing. Inset in D shows 

surface morphology at an even higher magnification. E) and F) SEM image of ablated 

polycarbonate at 500µm of laser raster spacing. 

After surface modification with fluorinated silanes, the advancing and receding contact 

angles and roll-off respectively are 𝜃𝑎𝑑𝑣
∗  = 151°, 𝜃𝑟𝑒𝑐

∗  = 146° and 𝜔 = 8°, respectively for water, 

and 𝜃𝑎𝑑𝑣
∗  = 145°, 𝜃𝑟𝑒𝑐

∗  = 121° and 𝜔 = 38°, respectively for n-n-hexadecane (Figures 3.6A and 

3.6B). From these contact angle and roll-off angle measurements, it is evident that the surface is 

superhydrophobic (𝜃∗ > 150° and °, 𝜔 < 10° for water); however, it is not superomniphobic (𝜃∗< 

150° and 𝜔 > 10° for hexadecane). This is possibly because the texture is sufficient to maintain 
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Cassie-Baxter for water, but perhaps irregularly re-entrant and insufficient to maintain Cassie-

Baxter for n-hexadecane. 

 

Figure 3.6 A) The influence of laser raster spacing on advancing and receding contact angles for 

water and hexadecane. B) The influence of laser raster spacing on the roll-off angle for water and 

hexadecane. 

 
 

3.2.4 Superomniphobic Surfaces with Different Polymers 

For each polymer (PC, PS, PEEK, PI, Epoxy), we conducted extensive experiments, 

characterization and analysis as described in Sections 3.2.2-3.2.4, and identified the laser power, 

raster speed and raster spacing required to achieve superomniphobicity. Table 1 shows the laser 

parameters resulting in superomniphobicity for each polymer after surface modification with the 

fluorinated silane. Different polymers have different laser parameters for achieving 

superomniphobicity because the complex laser-material interactions depend on material properties 

(e.g., glass transition temperature, thermal conductivity, absorptivity etc.).  
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Table 3.1 Laser parameters and contact angles and roll-off angle of water and n-hexadecane for 

different polymeric substrates. 

Substrate 
Laser 

power 

Laser raster 

speed 

Laser raster 

spacing 

Water n-hexadecane 

𝜃𝑎𝑑𝑣
∗  𝜃𝑟𝑒𝑐

∗  𝜔 𝜃𝑎𝑑𝑣
∗  𝜃𝑟𝑒𝑐

∗  𝜔 

PC 11 W 1100 mm/min 150 µm 168° 165° 1° 158° 154° 4° 

PS 14 W 1050 mm/min 100 µm 166° 162° 1° 156° 152° 5° 

PEEK 13 W 1200 mm/min 200 µm 167° 162° 1° 159° 155° 4° 

PI 11 W 1000 mm/min 180 µm 163° 159° 1° 157° 154° 5° 

Epoxy 20 W 800 mm/min 90 µm 157° 155° 1° 155° 150° 7° 

 

Figures 3.7A-E show SEM images for each tested polymeric substrate after laser texturing 

(with the parameters shown in Table 1) and modification by fluorinated silane. It is evident from 

the SEM images that all the polymeric substrates have re-entrant texture that helps support both 

high surface tension liquids like water (dyed blue) and low surface tension liquids like n-n-

hexadecane (dyed red) in the Cassie-Baxter state (Figures 3.7F-J).  
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Figure 3.7 A), B), C), D), and E) SEM images of laser ablated and silanized PI, PEEK, PC, PS, 

and epoxy, respectively, showing re-entrant texture. F), G), H), I), and J) Water droplets (dyed 

blue) and n-hexadecane droplets (dyed red) displaying high contact angles on laser ablated and 

silanized PI, PEEK, PC, PS, and epoxy, respectively.   

3.2.5 Chemical Resistance   

The chemical resistance of the fabricated superomniphobic substrates was evaluated by 

exposing the surface to corrosive chemicals (i.e., acidic and basic). The surfaces were tested with 

organic and inorganic acids and bases. For the acidic test, we used acetic acid as an organic acid 

and hydrochloric acid as an inorganic acid. For the basic test, we used hexylamine as an organic 

base and sodium hydroxide as an inorganic base. The fabricated surfaces maintained their 
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superomniphobicity (i.e., no change in apparent contact angles or roll-off angles for water and n-

hexadecane) even after exposing the surfaces to corrosive chemicals for at least 1 h. 

3.2.6 UV Resistance 

UV resistance of the fabricated superomniphobic surfaces was evaluated by irradiating the 

polymer (e.g., PEEK) surfaces with 254 nm UV light (intensity of 3 mW/cm2) for 24 h (Figure 

3.8) and under sunlight for more than one week. The surfaces maintained their superomniphobicity 

(i.e., no change in apparent contact angles or roll-off angles for n-hexadecane) indicating good 

resistance to UV radiation. 

 

Figure 3.8 UV resistance test for laser ablated PEEK surface; the liquid used for apparent 

contact angle and roll-off angle measurements is 20 µL of hexadecane. 

3.2.7 Qualitative Flexural Durability 

We also conducted qualitative flexural durability tests on our PI superomniphobic surfaces 

made form a Kapton tape. Our tests indicated that PI superomniphobic surfaces retained their 
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superomniphobicity (i.e., no change in apparent contact angles or roll-off angles for n-hexadecane) 

even after 300 cycles of twisting and bending the tapes (Figures 3.9A-3.9D).  

 

Figure 3.9 A) Apparent contact angle and roll-off angle of PI superomniphobic surfaces as a 

function of twisting and bending cycles; the liquid used is 20 µL of n-hexadecane droplet. B), 

C), and D) Images showing a cycle of flexural durability test with the PI superomniphobic 

surface.  

3.2.8 Potential Applications 

Our laser texturing technique enables simple, inexpensive, scalable, and solvent-free 

fabrication of textured surfaces with patterned wettability on a wide range of materials via selective 

laser texturing. To demonstrate this, we fabricated two patterned surfaces with significant 

wettability contrast – one was a patterned PI substrate formed by texturing the PI substrate 

everywhere except the NCSU logo, and second was a patterned PC substrate formed by texturing 

the PC substrate everywhere except the letters “NCSU”. Upon surface modification with the 

fluorinated silane, the textured PI and PC surfaces were superomniphobic and the nontextured 

surfaces (i.e., NCSU logo and the letter “NCSU”) were not superomniphobic. When n-hexadecane 

droplets (dyed red) were deposited everywhere on this patterned PI surface, they selectively 
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adhered to the non-superomniphobic surfaces and rolled off easily from the superomniphobic 

surfaces to result in a liquid pattern of the NCSU logo (Figure 3.10A). In a similar manner, when 

water (dyed blue), water + 1 mM SDS (dyed yellow), water + 4 mM SDS (dyed green) and n-

hexadecane (dyed red) were deposited on this patterned PC surface, they selectively adhered to the 

non-superomniphobic surfaces and rolled off easily from the superomniphobic surfaces to result 

in a liquid pattern with the letters “NCSU” (Figure 3.10B). 

 

Figure 3.10 A) and B) Wettability contrast of NCSU pattern and logo; filled with hexadecane 

(red), water (blue), water + 4mm SDS (green), and water + 1mm SDS (yellow). 
 

Our technique also allows fabrication of free-standing, flexible superomniphobic polymer films, 

which can be stored and delivered to the end-users, who can readily cut to the desired dimensions 

and attach them to almost any surface (including irregular shapes) and impart superomniphobicity. 

The importance of free-standing, flexible, superomniphobic films is more pronounced when there 

is lack of skilled personnel or lack of necessary fabrication equipment. To illustrate this, we laser 

ablated a Kapton tape (PI) to impart it the desired re-entrant texture and modified the surface with 

the fluorinated silane to impart it low surface energy. The resulting free-standing, flexible Kapton 

tape was superomniphobic and could be easily cut to the desired dimensions bent into the desired 

shape. To illustrate the superomniphobicity of our free-standing, flexible Kapton tape, we bent it 

and placed it on a U-shaped surface, and then placed a 20µL droplet of n-hexadecane at the top of 

one side. Since this surface was superomniphobic, the liquid droplet rolled back and forth 4 times, 
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over 2 s, before coming to rest at the bottom-center of the U-shape, and finally rolled off from the 

surface. Due to the extremely high speed of the droplet oscillation, we used a high-speed camera 

to image this movement (Figure 3.11A). Then, we plotted the 2D droplet trajectory with respect 

to the time (Figure 3.11B). From Figure 3.11B, by taking a ratio of the successive maximum 

heights in the trajectory of the droplet, we estimate that an average of ~30% of the energy is lost 

per half cycle. The energy lost is due to both viscous dissipation and adhesion; however, since 

contact angle hysteresis of n-hexadecane on the superomniphobic Kapton surfaces is very low 

(∆𝜃∗=5°), we expect that the majority of the energy is lost due to viscous dissipation.  

 

 

Figure 3.11 A) Series of images from the high-speed camera showing n-hexadecane droplet’s 

location on the curved surface. B) The plot of the droplet location on a curved superomniphobic 

surface with respect to the time.  
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CHAPTER 4 ULTRA-STRETCHABLE POLYMERIC SUPEROMNIPHOBIC 

SURFACES VIA CO2 LASER TEXTURING 

Stretchable polymers are gaining significance in a variety of applications, such as 

stretchable electronics,90,91 artificial skin,92 fabric dressings,3 liquid control,93 and wearable 

devices due to their ability to stretch without losing mechanical integrity or the desired 

functionality.94 However, such applications may expose stretchable polymers surfaces to a wide 

range of harsh liquids such as basic, acidic, or oily environments. As a result, they can be subjected 

to corrosion and degradation,16–19 leading to malfunctioning.20,21 Stretchable polymers can be 

protected from corrosion and degradation by modifying their surfaces to be extremely repellent to 

nearly all liquids (superomniphobic). However, superomniphobic surfaces tend to lose 

superomniphobicity, especially toward low surface tension liquids like oils, when elongated. This 

is due to the delamination of the microscale or nanoscale features from the surface during 

elongation, which allows liquids to transition from the composite Cassie-Baxter state (desirable) 

to the fully wetted Wenzel state (undesirable). Very recently, there was a report of a stretchable 

superomniphobic surface. However, in this report, the maximum elongation with simultaneous 

superomniphobicity was limited to a uniaxial elongation of 225%,96 possibly because the spray-

coated layers delaminated from the surface. 

Through this chapter, we fabricated the first ever ultra-stretchable superomniphobic 

surfaces, which repel nearly all liquids up to 600% uniaxial strain. Our ultra-stretchable 

superomniphobic surfaces are composed of an elastomeric siloxane with a hierarchically 

structured, re-entrant and monolithic texture (i.e., the texture is an integral part of the underlying 

substrate), whose surface is modified with a sustainable short chain fluorocarbon chemistry to 

impart low solid surface energy. We fabricated the re-entrant and monolithic texture utilizing a 
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low-cost, solvent-free, rapid and scalable CO2 laser texturing technique. The key parameters in our 

laser texturing with CO2 laser are laser power, laser raster speed and laser pulses per inch. Each 

combination of these parameters results in a different texture, which may or may not be appropriate 

for superomniphobicity. Therefore, it is essential to determine the combination of these key 

parameters that results in superomniphobicity. In order to accomplish this, we systematically 

studied the influence of each parameter on the texture and wettability of the surface. Additionally, 

we experimentally determined the influence of elongation on contact angles and roll-off angles on 

the fabricated ultra-stretchable superomniphobic surfaces. We anticipate that our ultra-stretchable 

superomniphobic surfaces will pave the way to development of corrosion and degradation resistant 

artificial skins and textile dressings. 

4.1 Materials and Methods 

4.2 Elastomer Materials 

We chose commercially available silicone rubber (Ecoflex 50 Smooth-On Inc) with ~700% 

strain to failure. Ecoflex 50 was made by mixing identical weights of the provided parts (A&B) 

using a steel stirrer for 2 min and then emptied into a petri dish. The mixture was degassed in a 

vacuum oven (Across International) for approximately 5 mins to extract any entrapped air pockets. 

Ecoflex 50 was cured at room temperature for 2 hrs. The curing process can be accelerated by 

leaving Ecoflex 50 in the oven at 70 ℃ for 30 min. 

4.2.1 Laser Texturing 

A commercially available CO2 laser system (Universal Laser VLS 6.60T) with a 

wavelength of 9.5 µm was used for laser texturing. Using a 50.8 mm focal length lens, the laser 

was focused onto the sample with a 125 µm beam diameter. Laser texturing was performed on the 

Ecoflex 50 substrates over a wide range of powers from 1 W to 60 W, vector speeds from 0.1 in/s 
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to 11.5 in/s, and pulses per inch (PPI) from 10 in-1 to 1000 in-1. Parametric studies were conducted 

on all laser operating conditions, then the influence of each parameter on the substrate was 

determined.  

 

Figure 4.1 Schematic diagram of the entire fabrication process of the ultra-stretchable 

superomniphobic surface. 
 

4.2.2 Vapor Phase Silanization 

Vapor phase silanization is a simple technique that allows surface chemistry modification 

for a wide variety of substrates. In silanization, a functional silane (e.g., fluorinated silane)  reacts 

with a hydroxylated substrate (i.e., with -OH groups) to covalently attach to the surface and impart 

it the desired functionality (e.g., low surface energy).84 In a typical experiment, the laser ablated 

substrate is “activated” by hydroxylation using air plasma (Plasma Etch; RF power = 15 W, air 

pressure = 0.4 Torr) for 15 min.84 Then, the substrate is exposed to vapors of a short chain 

fluorinated silane (70 μL of tridecafluoro-1,1,2,2-tetrahydrohexyl trichlorosilane; from Gelest) at 

120°C for 1 hour using to impart low solid surface energy (𝛾𝑆𝑉 ≈ 11 mN/m).54,85 

4.2.3 Characterization of Surface Morphology 

The surface morphology was determined by imaging the surfaces with a Scanning Electron 

Microscope (SEM; Thermo Scientific Phenom Pro G6). The polymeric samples were not 

electrically conductive. Since SEM requires conductive samples, a thin layer (about 1-3 nm) of 
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gold was sputtered (Cressington 108 sputter coater) on the samples prior to imaging.86 The samples 

were mounted on the SEM stub with a double-sided copper tape. The copper tape ensured a 

conductive pathway for electrons during imaging. We used a low acceleration voltage of 2 kV to 

reduce accumulation of surface charge; higher acceleration voltages led to accumulation of 

electrons and severe sample charging, making imaging very difficult. 

4.2.4 Contact and Roll-Off Angle Measurements 

The advancing contact angle, receding contact angle, and roll-off angle were measured for 

different liquids using 20 µL droplet (Ramé Hart 260-F4 goniometer). The advancing contact 

angles were measured by continuously adding liquid, which allows the liquid-air interface to 

advance on the surface; and the receding contact angles were measured by continuously 

withdrawing liquid, which allows the liquid-air interface to recede on the surface. The roll-off 

angles were determined by gradually tilting the goniometer stage until the droplet rolled-off the 

surface. For all surfaces, at least 5 measurements of advancing contact angles, receding contact 

angles, and roll-off angles were conducted for each liquid. The error for contact angle and roll-off 

angle measurements was 3° and 1°, respectively. To determine the contact angle and roll-off angles 

at various elongations, the surface is stretched to a certain amount, and is than held in place by 

clamps on top of a rigid surface (glass slide).   

4.3 Results and Discussion 

When Ecoflex 50 substrates were ablated with the laser, the surface absorbed the energy  of 

the laser beam, resulting in multiple physical processes including melting, vaporization, 

sublimation, splashing, and re-solidification.82,87–89 These complex laser-material interactions 

resulted in different micro/nano textures on the surfaces. The key factors affecting such surface 
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texturing are the laser power, vector speed and PPI. So, we systematically investigated the 

influence of each of these parameters on the wettability of the laser ablated Ecoflex 50 surfaces. 

4.3.1 Influence of Laser Power on Surface Superomniphobicity 

In order to systematically investigate the influence of laser power on surface texture and 

wettability, we ablated the polymeric surfaces with different laser powers (1 W - 60 W) at a fixed 

laser vector speed of 7.5 in/s and at fixed PPI of 500 in-1. For Ecoflex 50 substrate, we observed a 

rougher surface morphology and increased liquid repellency at higher laser power compared to 

lower laser power. When Ecoflex 50 was ablated at a lower laser power of 10 W, the surface 

appeared similar to as prepared Ecoflex 50. After surface modification with the fluorinated silane, 

the apparent advancing contacting angle, apparent receding contact angle and roll-off angle are 

𝜃𝑎𝑑𝑣
∗  = 111°, 𝜃𝑟𝑒𝑐

∗  = 70° and 𝜔 = 47°, respectively for water (𝛾𝐿𝑉 ≈ 72 mN/m; a representative 

high surface tension liquid), and 𝜃𝑎𝑑𝑣
∗  = 71°, 𝜃𝑟𝑒𝑐

∗  = 35° and 𝜔 = 56°, respectively for n-hexadecane 

(𝛾𝐿𝑉 ≈27.5 mN/m; a representative low surface tension liquid; Figures 4.2A and 4.2B). From the 

measurements of contact angles and roll-off angles for both liquids, the droplets display high 

contact angle hysteresis (∆𝜃∗ = 𝜃𝑎𝑑𝑣
∗  – 𝜃𝑟𝑒𝑐

∗ ) and high roll-off angle (𝜔), which indicate that the 

droplets adopted the Wenzel state and wet the surface.  

When Ecoflex 50 was ablated at an intermediate laser power of 20 W, after surface 

modification with fluorinated silane, the apparent advancing contact angle, apparent receding 

contact angle and roll-off angle are 𝜃𝑎𝑑𝑣
∗  = 160°, 𝜃𝑟𝑒𝑐

∗  = 159° and 𝜔 = 1°, respectively for water, 

and 𝜃𝑎𝑑𝑣
∗  = 148°, 𝜃𝑟𝑒𝑐

∗  = 135° and 𝜔 = 17°, respectively for n-hexadecane (Figures 4.2A and 4.2B). 

From these contact angle and roll-off angle measurements, it is evident that the surface is 

superhydrophobic (𝜃∗ > 150° and  𝜔 < 10° for water); however, it is not superomniphobic (𝜃∗< 

150° and 𝜔 > 10° for n-hexadecane). This is possibly because the texture is sufficient to maintain 
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Cassie-Baxter for water (a high surface tension liquid), but perhaps not re-entrant enough to 

maintain Cassie-Baxter for n-hexadecane (a low surface tension liquid). Note that re-entrant 

texture is required to achieve superomniphobicity (Section 2.5).  

 

Figure 4.2 A) The influence of laser power on advancing and receding contact angles. B) The 

influence of laser power on roll-off angle. 

When Ecoflex 50 was ablated at a higher laser power of 30 W, after surface modification 

with fluorinated silane, the apparent advancing contact angle, apparent receding contact angle and 

roll-off angle are 𝜃𝑎𝑑𝑣
∗  = 166°, 𝜃𝑟𝑒𝑐

∗  = 165° and 𝜔 = 1°, respectively for water, and 𝜃𝑎𝑑𝑣
∗  = 156°, 

𝜃𝑟𝑒𝑐
∗  = 154° and 𝜔 = 3°, respectively , for n-hexadecane (Figures 4.2A and 4.2B). From these 

contact angle and roll-off angle measurements, it is evident that the surface is superomniphobic, 

i.e., 𝜃∗ > 150°  and  𝜔 < 10° for both water and n-hexadecane. This is because both the liquids 

adopted the Cassie-Baxter state with high apparent contact angles, low contact angle hysteresis 

and low roll-off angles. When Ecoflex 50 was ablated at even higher powers (30 W - 40 W), the 

surfaces continued to display superomniphobicity with high apparent contact angles and low roll-

off angles for both water and n-hexadecane (Figures 4.2A and 4.2B). However, since the higher 

power consumes more energy and can possibly degrade the material (for example, at 45 W and 

higher, Ecoflex 50 is burnt to ash), we utilized 30 W to ablate Ecoflex 50 substrates.   
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4.3.2 Influence of Laser Vector Speed on Surface Superomniphobicity  

In order to systematically investigate the influence of laser vector speed on surface 

wettability, we ablated Ecoflex 50 surface with different laser vector speeds (0.1 in/s - 11 in/s) at 

a fixed laser power of 30 W and at a fixed PPI of 500 in-1. We observed increased liquid repellency 

at intermediate laser vector speeds compared to lower and higher laser vector speeds. When 

Ecoflex 50 was ablated at a lower laser vector speed of 2 in/s, we observed that the substrate 

disintegrated to ash. This is because the substrate was exposed to the laser beam for a longer time, 

and therefore, the energy absorbed per unit area is higher.  

When Ecoflex 50 was ablated at an intermediate vector speed of 7.5 in/s, after surface 

modification with fluorinated silanes, the advancing and receding contact angles and roll-off 

respectively are 𝜃𝑎𝑑𝑣
∗  = 166°, 𝜃𝑟𝑒𝑐

∗  = 165° and 𝜔 = 1°, respectively for water, and 𝜃𝑎𝑑𝑣
∗  = 156°, 𝜃𝑟𝑒𝑐

∗  

= 154° and 𝜔 = 4°, respectively for n-hexadecane (Figures 4.3A and 4.3B). From these contact 

angle and roll-off angle measurements, it is evident that the surface is superomniphobic, i.e., 𝜃∗ > 

150°  and  𝜔 < 10° for both water and hexadecane. This is because both the liquids adopted the 

Cassie-Baxter state with high apparent contact angles, low contact angle hysteresis and low roll-

off angles.  

When Ecoflex 50 was ablated at higher laser vector speed of 11.5 in/s, the surface was 

similar to as prepared Ecoflex 50. This is because the energy absorbed by the substrate per unit 

area is too low since it was exposed to the laser for a shorter amount of time. After surface 

modification with fluorinated silane, the apparent advancing contact angle, apparent receding 

contact angles and roll-off angle are 𝜃𝑎𝑑𝑣
∗  = 112°, 𝜃𝑟𝑒𝑐

∗  = 70° and 𝜔 = 45°, respectively for water, 

and 𝜃𝑎𝑑𝑣
∗  = 71°, 𝜃𝑟𝑒𝑐

∗  = 31° and 𝜔 = 56°, respectively for n-hexadecane (Figures 4.3A and 4.3B). 

From the measurements of contact angles and roll-off angles for both liquids, the droplets display 
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high contact angle hysteresis (∆𝜃∗ = 𝜃𝑎𝑑𝑣
∗  – 𝜃𝑟𝑒𝑐

∗ ) and high roll-off angle (𝜔), which indicate that 

the droplets adopted the Wenzel state and wet the surface. 

 

Figure 4.3 A) The influence of laser vector speed on advancing and receding contact angles. B) 

The influence of laser vector speed on roll-off angle. 

4.3.3 Influence of Number of Pulses Per Inch on Surface Superomniphobicity  

The number of pulses per inch (PPI) indicates how many laser pulses (or dots of laser 

texturing) are made on the surface per inch of the laser vector line. For example, a PPI of 200 in-1 

implies 1 laser dot per every ~125 m. Since the laser spot size is ~125 m, we anticipate that a 

PPI of 200 in-1 will result in nearly overlapping laser dots. At much higher PPI, the laser texturing 

becomes continuous (overlapping or merged dots); at much lower PPI, the laser texturing is 

discontinuous (discrete dots). In order to systematically study the influence of PPI, we ablated 

Ecoflex 50 surface with different PPI (10 in-1 -1000 in-1) at a fixed laser power of 30 W and a fixed 

laser vector speed of 7.5 in/s.  At a lower PPI of 10 in-1, laser texturing resulted in discrete dots 

because the laser beam does not ablate certain areas of the substrate when the PPI is much lower 

than 200 in-1. After surface modification with fluorinated silane, the apparent advancing contact 

angle and apparent receding contact angles and roll-off angle are 𝜃𝑎𝑑𝑣
∗  = 120°, 𝜃𝑟𝑒𝑐

∗  = 71° and 𝜔 = 

30°, respectively for water, and 𝜃𝑎𝑑𝑣
∗  = 71°, 𝜃𝑟𝑒𝑐

∗  = 34° and 𝜔 = 56°, respectively for n-hexadecane 
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(Figures 4.4A and 4.4B). From the measurements of contact angles and roll-off angles for both 

liquids, the droplets display high contact angle hysteresis and high roll-off angle, which indicate 

that the droplets adopted the Wenzel state and wet the surface.  

When Ecoflex 50 was ablated at an intermediate PPI of 150 in-1, after surface modification 

with fluorinated silane, the apparent advancing contact angle, apparent receding contact angle and 

roll-off angle are 𝜃𝑎𝑑𝑣
∗  = 160°, 𝜃𝑟𝑒𝑐

∗  = 159° and 𝜔 = 1°, respectively for water, and 𝜃𝑎𝑑𝑣
∗  = 148°, 

𝜃𝑟𝑒𝑐
∗  = 135° and 𝜔 = 17°, respectively for n-hexadecane (Figures 4.4A and 4.4B). From these 

contact angle and roll-off angle measurements, it is evident that the surface is superhydrophobic 

(𝜃∗ > 150° and °, 𝜔 < 10° for water); however, it is not superomniphobic (𝜃∗< 150° and 𝜔 > 10° 

for n-hexadecane). This is possibly because the texture is sufficient to maintain Cassie-Baxter for 

water (a high surface tension liquid), but perhaps not re-entrant enough to maintain Cassie-Baxter 

for n-hexadecane (a low surface tension liquid). 

When Ecoflex 50 was ablated at a higher PPI of 420 in-1, after surface modification with 

fluorinated silane, the apparent advancing contact angle, apparent receding contact angle and roll-

off angle are 𝜃𝑎𝑑𝑣
∗  = 166°, 𝜃𝑟𝑒𝑐

∗  = 165° and 𝜔 = 1°, respectively for water, and 𝜃𝑎𝑑𝑣
∗  = 156°, 𝜃𝑟𝑒𝑐

∗  = 

154° and 𝜔 = 4°, respectively , for n-hexadecane (Figures 4.4A and 4.4B). From these contact 

angle and roll-off angle measurements, it is evident that the surface is superomniphobic, i.e., 𝜃∗ > 

150°  and  𝜔 < 10° for both water and n-hexadecane. This is because both the liquids adopted the 

Cassie-Baxter state with high apparent contact angles, low contact angle hysteresis and low roll-

off angles. When Ecoflex 50 was ablated at even higher PPI of 550 in-1- 1000 in-1, the surfaces 

continued to display superomniphobicity with high apparent contact angles and low roll-off angles 

for both water and n-hexadecane (Figures 4.4A and 4.4B). However, since the higher PPI 
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consumes more energy and can possibly degrade the material (for example, at PPI above 500 in-1, 

Ecoflex 50 surface was blackened), we utilized a PPI of 420 in-1 to ablate Ecoflex 50 substrates.   

 

Figure 4.4 A) The influence of PPI on advancing and receding contact angles. B) The influence 

of PPI on roll-off angle. 
 

4.3.4 Superomniphobicity Without Elongation 

After studying the influence of key laser parameters, we determined that laser texturing of 

Ecoflex 50 at a laser power of 30 W, laser vector speed of 7.5 in/s and a PPI of 420 in-1, followed 

by surface modification with a short chain fluorinated silane to impart low surface energy (𝛾𝑆𝑉  ≈ 

11 mN/m),86 results in superomniphobicity. Upon investigating the surface morphology of these 

superomniphobic Ecoflex 50 surfaces with an SEM, we observed a hierarchical structure with two 

length scales of texture – sub-micron porous mesh-like finer length scale features superimposed 

on pillar-like coarser length scale features (Figures 4.5A and 4.5B). SEM images indicate that the 

sub-micron porous mesh-like finer length scale features were not only on the top, but also on the 

sides and bottom of the pillar-like coarser length scale features. The sub-micron porous mesh-like 

finer length scale features possessed a re-entrant texture, which is required for supporting low 

surface tension liquids in the Cassie-Baxter state, and consequently superomniphobicity. 
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Figure 4.5 A) SEM image for stretchable surface at 0% strain. B) illustrate two length scale of 

the surface texture (hierarchical texture), each pillar covered with finer texture.  

On these superomniphobic Ecoflex 50 surfaces, we measured the contact angles and roll-

off angles for liquids with a wide range of surface tensions including water (𝛾𝐿𝑉 ≈ 72 mN/m), 

glycerol (𝛾𝐿𝑉 ≈ 63 mN/m), ethylene glycol (𝛾𝐿𝑉 ≈ 47 mN/m), rapeseed oil (𝛾𝐿𝑉 ≈ 32.2 mN/m), n-

hexadecane (𝛾𝐿𝑉 ≈ 27.5 mN/m), and n-dodecane (𝛾𝐿𝑉 ≈ 25.3 mN/m). The surface was 

superomniphobic (i.e., 𝜃∗ > 150°  and  𝜔 < 10°) for all liquids tested (Figure 4.6A). This is because 

all the liquids adopted the Cassie-Baxter state with high apparent contact angles (Figure 4.6B), 

low contact angle hysteresis and low roll-off angles. It is evident from Figure 4.6A that apparent 

contact angles decrease slightly with decreasing surface tension. This is because liquid-air 

interface penetrates deeper into the texture with decreasing surface tension,96,97 thereby increasing 

the solid-liquid contact area fSL, which results in lower apparent contact angles (Equation 1.5). It 

is also evident from Figure 4.6A that the contact angle hysteresis and roll-off angles increase 

slightly with decreasing surface tension. This is also because liquid-air interface penetrates deeper 

into the texture with decreasing surface tension,96,97 thereby impeding the motion of the contact 

line, and consequently the ability of the droplet to roll-off from the surface. 

. 
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Figure 4.6 A) Advancing, receding contact angles, and roll-off angles as function of liquid 

surface tension at 0% strain. B) Different liquids droplets with different surface tensions bead up 

with high apparent contact angles on the surface at 0% strain. 

 

Prediction of the apparent contact angle (𝜃∗) by Cassie-Baxter equation in addition to measuring 

the apparent contact angles, we have also estimated the apparent contact angles using the Cassie-

Baxter equation (Equation 1.5) to verify whether or not there is an agreement between theory and 

experiments. To obtain the apparent contact angles using the Cassie-Baxter equation, we estimated 

the solid-liquid area fraction (𝑓𝑆𝐿) and the liquid-air area fraction (𝑓𝐿𝑉) based on the surface 

morphology in the SEM images (Figures 4.5A and 4.5B). We assumed single length scale texture 

with a unit cell (Figure 4.7) consisting of square pillars (yellow) of size P arranged in a square 

lattice with inter-pillar spacing 2D; and liquid (blue) is in the Cassie-Baxter state above this unit 

cell. So, the projected area (Aproj) for each unit cell is (2D + P)2, the solid-liquid contact area (ASL, 

i.e., the yellow-blue contact area) is P2, and the liquid-air contact area (ALV, i.e., the blue-white 

contact area) is (2D + P)2 – P2. 
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Figure 4.7 The unit cell of surface texture 

 

Therefore, the solid-liquid area fraction 𝑓𝑆𝐿 and liquid-air area fraction 𝑓𝐿𝑉 are: 

𝑓𝑆𝐿 =
𝐴𝑆𝐿

𝐴𝑃𝑟𝑜𝑗
=

𝑃2

(2𝐷+𝑃)2           (4.1) 

𝑓𝐿𝑉 =
𝐴𝐿𝐴

𝐴𝑃𝑟𝑜𝑗
= 1 −

𝑃2

(2𝐷+𝑃)2          (4.2) 

Substituting the solid-liquid area fraction 𝑓𝑆𝐿 and liquid-air area fraction 𝑓𝐿𝑉 into the Cassie-

Baxter equation (Equation 1.5), we can estimate the apparent contact angle as: 

cos 𝜃𝐶𝐵
∗ = [

𝑃2

(2𝐷+𝑃)2] cos 𝜃𝑌 − [1–
𝑃2

(2𝐷+𝑃)2]        (4.3) 

Since Young’s contact angle cannot be measured precisely, like prior reports,55 we assumed that 

Young’s contact angle is approximately equal to the advancing contact angle on a non-texture 

surface, i.e., Y  adv. We measured the advancing contact angle adv for all the liquids on non-

textured Ecoflex 50 surfaces modified with a fluorinated silane (Table 4.1). From the SEM images, 

we estimated the average pillar size, P  90 µm and average inter-pillar spacing 2D  110 µm. 

Using these values in Equation 4.3, we estimated the apparent contact angles for all the liquids 

(Table 4.1). 
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Table 4.1 Predicted Cassie-Baxter contact angles using Equation 4.3. 

Liquid 𝜽𝒂𝒅𝒗 𝜽𝒂𝒅𝒗
∗  (expr) 𝜽𝒓𝒆𝒄

∗  (expr) 𝜽𝑪𝑩
∗  (pred) 

n-dodecane 83° 156° ± 3° 153° ± 3 145° 

n-hexadecane 97° 156° ± 3° 154° ± 3 149° 

Rapeseed oil 102° 158° ± 3° 155° ± 3 150° 

Ethylene glycol 109° 158° ± 3° 156° ± 3 153° 

Glycerol 100° 159° ± 3° 155° ± 3 150° 

Water 120° 165° ± 3° 158° ± 3 156° 

 

It is evident from Table 4.1 that estimated apparent contact angles are slightly lower than the 

experimental measurements. This is possibly due to the following assumptions made in our 

analysis: 

(i) We assumed a single length scale texture to simplify the analysis although the SEM 

images indicate a hierarchal structure with two length scales of texture. 

(ii) We assumed an average pillar size and inter-pillar spacing although the SEM images 

indicate varying pillar sizes and inter-pillar spacing, which can greatly influence the 

local area fractions close to the triple-phase contact line that in turn can significantly 

influence the apparent contact angle estimations. 

In spite of these assumptions, the difference between the estimated and measured apparent contact 

angles is < 10% and the trend of the estimated and measured apparent contact angles is the same 

indicating a reasonable agreement between theory and experiments. 
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4.3.5 Superomniphobicity With Elongation 

We chose Ecoflex 50 for this work because it is a highly stretchable elastomer with a strain 

  700% at failure. After preparing the superomniphobic surfaces with Ecoflex 50 (discussed in 

the previous sections), we subjected them to uniaxial elongation. Upon uniaxial elongation, as 

might be anticipated, the inter-feature spacing increases in the direction of elongation (say, x-

direction) and decreases in the direction perpendicular to elongation (say, y-direction). SEM image 

(Figure 4.8) depicts the surface morphology in the stretched state at   600%, with higher and 

lower inter-feature spacing in the x-direction and y-direction, respectively. Compared to the 

unstretched state with an inter-feature spacing of 110 µm, at   600%, the inter-feature spacing 

in the x-direction is ~720 µm and the inter-feature spacing in the y-direction is negligible. 

 

Figure 4.8 SEM image of superomniphobic Ecoflex 50 surface at 600% strain. 

Such stretched surfaces displayed superomniphobicity (i.e., 𝜃∗ > 150°  and  𝜔 < 10°; Figure 

4.9A) at all strain up to   600% for liquids with a wide range of surface tensions including water 

(𝛾𝐿𝑉 ≈ 72 mN/m), glycerol (𝛾𝐿𝑉 ≈ 63 mN/m), ethylene glycol (𝛾𝐿𝑉 ≈ 47 mN/m), rapeseed oil 

(𝛾𝐿𝑉 ≈ 32.2 mN/m), n-hexadecane (𝛾𝐿𝑉 ≈ 27.5 mN/m), and n-dodecane (𝛾𝐿𝑉 ≈ 25.3 mN/m). This 
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is because all the liquids adopted the Cassie-Baxter state with high apparent contact angles (Figure 

4.9B), low contact angle hysteresis and low roll-off angles. Similar to the unstretched surfaces, for 

stretched surfaces, it is evident from Figure 4.9A that apparent contact angles decrease slightly 

with decreasing surface tension. This is because liquid-air interface penetrates deeper into the 

texture with decreasing surface tension, thereby increasing the solid-liquid contact area fSL, which 

results in lower apparent contact angles (Equation 1.5). It is also evident from Figure 4.9A that the 

contact angle hysteresis and roll-off angles increase slightly with decreasing surface tension. This 

is also because liquid-air interface penetrates deeper into the texture with decreasing surface 

tension,97  thereby impeding the motion of the contact line, and consequently the ability of the 

droplet to roll-off from the surface. 

 

Figure 4.9 A) Advancing and receding contact angles, as well as roll-off angles as a function of 

liquid surface tension on stretched superomniphobic surfaces at   600%. The contact angles 

were measured with droplets advancing and receding along the x-direction, observed from the y-

direction. B) Liquid droplets with different surface tensions bead up with high apparent contact 

angles on stretched superomniphobic surfaces at   600%. 

For most liquids (with 𝛾𝐿𝑉 > 27 mN/m; e.g., n-hexadecane, water etc.), as the elongation 

increased, the apparent contact angles, contact angle hysteresis and roll-off angles remained nearly 

constant (Figures 4.10A and 4.10B).  For example, n-hexadecane displayed 𝜃𝑎𝑑𝑣
∗ =156°, 𝜃𝑟𝑒𝑐

∗ =154°  
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𝜔 =5° at   0%,  𝜃𝑎𝑑𝑣
∗ =157°, 𝜃𝑟𝑒𝑐

∗ =155°  𝜔 =5°   150%,  𝜃𝑎𝑑𝑣
∗ =158°, 𝜃𝑟𝑒𝑐

∗ =156°  𝜔 =4°  at   

350%,  𝜃𝑎𝑑𝑣
∗ =158°, 𝜃𝑟𝑒𝑐

∗ =156°  𝜔 =4°  at   450%, and 𝜃𝑎𝑑𝑣
∗ = 159°, 𝜃𝑟𝑒𝑐

∗ =156°  𝜔 = 4°. 

 

Figure 4.10 A) A 20 µL droplet of n-hexadecane beads up on the stretchable superomniphobic 

surface at various strains. B) Apparent contact angles and roll-off angles of water and n-

hexadecane droplets as a function of strain. 

Anisotropic wettability: For our stretchable superomniphobic surfaces, as the strain increases, the 

surface morphology becomes increasingly anisotropic (higher and lower inter-feature spacings in 

the x-direction and y-direction, respectively; Figure 4.11A). As a result, anisotropic wettability 

occurs (i.e., contact angles and sliding angles depend on the direction). The apparent advancing 

and receding contact angles along the x-direction (observed from the y-direction) will be higher 

than those along the y-direction (observed from the x-direction) (Figures 4.11B and 4.11C). This 

is because the local solid-liquid area fraction 𝑓𝑆𝐿,𝑙𝑜𝑐𝑎𝑙 is lower and local liquid-air are fraction 

𝑓𝐿𝑉,𝑙𝑜𝑐𝑎𝑙 is higher along the x-direction compared to the y-direction.60 Similarly, the roll-off angle 

of the droplet along the x-direction (observed from the y-direction) will be higher than those along 

the y-direction (observed from the x-direction). This is because movement of the droplet in the x-

direction (unlike movement in the y-direction) calls for formation of new liquid-air interface, 

which requires energy to be expended, and consequently it is energetically unfavorable.60–63 In spite 
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of this, our measurements for most liquids (with 𝛾𝐿𝑉 > 27 mN/m; e.g., n-hexadecane, water etc.) 

indicate no anisotropic wettability, i.e., apparent contact angles and roll-off angles in x-direction 

and y-direction were nearly equal, within experimental uncertainty. This is possibly because of the 

very high liquid-air area fraction, making it difficult to precisely measure the differences between 

very high apparent contact angles and very low roll-off angles in the x-direction and y-direction. 

However, for very low surface tension liquids (e.g., n-dodecane, 𝛾𝐿𝑉   25 mN/m) with lower 

apparent contact angles and higher roll-off angles, the anisotropic wettability was noticeable. For 

n-dodecane, as anticipated, the apparent advancing and receding contact angles along the x-

direction (observed from the y-direction) were 155° and 146°, respectively (i.e., slightly higher); 

and the apparent advancing and receding contact angles along the y-direction (observed from the 

x-direction) were 146° and 139°, respectively (i.e., slightly lower). Furthermore, the contact angle 

hysteresis is slightly higher (9°) along the x-direction compared to contact angle hysteresis along 
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the y-direction (7°), indicating that the roll-off angle of the droplet along the x-direction will be 

higher than the roll-off angle along the y-direction, as anticipated. 

 

Figure 4.11 A) SEM image of superomniphobic Ecoflex 50 surface at ~600% strain from the top 

view. B) A 20µL dodecane droplet displaying apparent contact angle of 155° along the x-

direction (observed from the y-direction). C) 20 µL dodecane droplet apparent display contact 

angle of 144° along the y-direction (observed from the x-direction). 
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CHAPTER 5 CONCLUSIONS AND FUTURE WORK 

5.1 Conclusions 

Polymeric superomniphobic surfaces via solid-state diode laser texturing: In this work, we started 

with fabricating superomniphobic surfaces on a variety of engineering polymeric substrates, 

including polycarbonate, polystyrene, polyamide, PEEK and epoxy. We developed a fabrication 

method which is straightforward, scalable, and solvent-free. We utilized a solid-state diode laser, 

that is inexpensive, commercially available, portable and simple to use. To determine the texture 

required to make a surface superomniphobic, we individually investigated the influence of three 

key laser operating parameters – laser power, laser raster speed and laser raster spacing – on 

wettability. As a result, for each polymer, we successfully determined a combination of laser 

operating parameters that produces the appropriate re-entrant texture required for 

superomniphobicity. We demonstrated that all of the polymers maintained their 

superomniphobicity even after being exposed to harsh chemicals (concentrated acids and bases) 

as well as intense UV radiation. Furthermore, we demonstrated the utility of our technique in 

fabrication of superomniphobic surfaces with patterned wettability as well as free standing flexible 

superomniphobic films. We envision that our work will pave the way for novel, scalable and 

portable fabrication of polymeric superomniphobic surfaces. 

Fabrication of ultra-stretchable superomniphobic surfaces via CO2 laser texturing: In this work, 

we developed the first ever ultra-stretchable superomniphobic surface (up to 600% strain) using a 

siloxane-based elastomer (Ecoflex 50). We developed a fabrication method that is simple, 

straightforward, scalable, and solvent-free to produce the ultra-stretchable superomniphobic 

surface with hierarchically structured monolithic texture. We utilized a CO2 laser system that is 

inexpensive and commercially available. In order to fabricate the appropriate re-entrant texture for 
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producing the ultra-stretchable superomniphobic surface, we investigated the influence of three 

key laser operating parameters – laser power, laser vector speed and number of pulses per inch – 

on wettability. As a result, we successfully determined a combination of laser operating parameters 

that produces the appropriate re-entrant texture required for superomniphobicity. We have also 

conducted an analysis to demonstrate that the experimentally measured apparent contact angles 

match reasonably well with theoretically estimated values. Finally, we also investigated the role 

of anisotropic structures on wettability and justified the observations with physical arguments. 

Overall, we anticipate that our ultra-stretchable superomniphobic surfaces will pave the way to 

development of corrosion and degradation resistant artificial skins and textile dressings. 

5.2 Limitations of Inexpensive Laser Texturing 

Superomniphobic surfaces do not require very precise microstructure or nanostructure; they 

can be fabricated with random textures as well. So, inexpensive laser texturing techniques are 

attractive for the fabrication of superomniphobic surfaces. However, it must be noted that such 

inexpensive laser texturing techniques may be unsuitable for applications that require more 

precision and reproducibility. This is because inhomogeneities in laser properties (e.g., power, 

speed, spot shape, spot size etc.) greatly influence the laser-material interactions, thereby making 

it difficult to fabricate texture precisely and reproducibly. This could be further exacerbated by 

inhomogeneities in material properties (e.g., optical absorptivity, modulus, surface chemistry etc.). 

5.3 Future Work 

In this thesis, while we successfully fabricated superomniphobic surfaces using both rigid 

and stretchable polymers, there are still multiple avenues left to be unexplored that could 

potentially advance this study further.  
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Surface morphology characterization: We used SEM to extensively characterize the surface 

morphology of superomniphobic surfaces with rigid polymers (Chapter 3) to understand the 

influence of laser texturing parameters on the surface morphology, and consequently wettability. 

In the future, a similar SEM study must be undertaken to extensively characterize the surface 

morphology of superomniphobic surfaces with stretchable elastomers (Chapter 4) to understand 

the influence of laser texturing parameters on the surface morphology, and consequently 

wettability. 

Surface roughness characterization: In order to quantitatively understand the influence of laser 

parameters on the texture, in the future, RMS roughness of all the laser ablated surfaces must be 

characterized thoroughly. 

Laser fluence: In order to quantitatively understand the cumulative influence of all laser 

parameters on wettability, in the future, laser fluence (i.e., energy per unit area imparted by the 

laser) may be used. Laser fluence can be measured either with a photodiode sensor (for low-power 

lasers) or a thermal power sensor (for high-power lasers).98,99 For continuous lasers, laser fluence 

can also be estimated from the power, speed and spacing of the laser. 

Anisotropic wettability: While we have conducted preliminary investigation of the anisotropic 

wettability on stretched superomniphobic surfaces (Chapter 4), a more detailed investigation and 

theoretical analysis must be conducted in the future to better understand the influence of anisotropy 

at different strains on each liquid in both the orthogonal directions (along and perpendicular to the 

stretching direction). 

Short chain fluorocarbons: Long chain fluorocarbon materials can decompose into 

perfluorooctanoic acid (PFOA),42 which is bio-accumulative and is considered an emerging 
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contaminant by environmental agencies across the world as well as by panels of scientists that 

have extensively investigated long chain fluorocarbons.42–44 So, there is a significant push towards 

using short chain fluorocarbons. In this work, while we used short chain fluorocarbons for 

preparing superomniphobic surfaces with stretchable elastomers (Chapter 4), we used long chain 

fluorocarbons for preparing superomniphobic surfaces with rigid polymers (Chapter 3). In the 

future, short chain fluorocarbons must be used to fabricate superomniphobic surfaces with rigid 

polymers to ensure sustainability. 

Hand-held laser texturing: While our laser texturing techniques can produce superomniphobic 

surfaces on polymer sheets, they are not suitable for curved or irregular shapes. In order to expand 

the scope of our work, in the future, laser texturing must be studied with hand-held lasers. If 

successful, such hand-held laser texturing technique will improve the versatility of our work. 

Machine learning guided laser texturing: Identifying the optimum laser texturing parameters is a 

tedious process of trial and errors. One way of reducing the number of experiments is by training 

an algorithm (e.g., multilayer perceptron algorithm) to predict the sliding angle of low surface 

tension liquid as a function of the laser texturing parameters. This can allow us to use Machine 

learning to guide the laser texturing parameters required for different polymeric materials. 
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