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Abstract 

Superhydrophobic (SH) surfaces equipped on the skins of natural living beings 

give them trumps of self-cleaning, anti-bacterial, water harvest, and directional 

liquid transport, etc., to survive in harsh environments. Bioinspired 

Superhydrophobic (SH) surfaces have developed many emerging functions, such 

as self-cleaning, anti-bacterial, water harvest, anti-icing, anti-corrosion, oil-water 

separation, and many other fascinating functions. However, the implementations of 

SH coating in real world are still in its infancy, due to (i) the poor performance in 

the harsh real-world environment and industrial process application, where a multi-

level robustness including the mechanical, chemical, and thermal robustness, as 

well as the strong adherent strength to substrates, is strictly required; (ii) the lack of 

a technology for facile and mass production. In the light of that any non-

perfluorinated component in the formula of an SH coating inevitably generates 

vulnerable points to the external invasions and the functional applications of SH 

coatings require control surface topography, we here propose an SH coating entirely 

made of perfluorinated materials (referred to as Teflon). To achieve this goal, we 

developed a complete strategy involving material, fabrication, and applications. 

Firstly, we developed a feasible dynamic soft molding method for the fabrication 

of three-dimensional (3D) structures. This method paves a road not only to the 

fabrication of whole-Teflon SH coatings but also to the practical adoption of many 

other important technologies based on 3D structures. Secondly, we generated 

whole-Teflon and multi-resist SH coatings by using this method and tightly attached 

them to different substrates with superior adhering strength surpassing the 

conventional work. Thirdly, we performed a proof-of-concept demonstration of a 

roll-to-roll (R2R) hot molding process, which has the potential of translating the 

lab-scale and plate-to-plate fabrication to industrial mass production. Finally, some 

fundamental mechanisms and problems of the multifunctional applications in self-

cleaning, anti-bacterial fouling, and anti-icing are studied. The outcomes are 
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expected to provide insight understandings on the multifunctional SH coating and 

move SH coatings toward real-world application. 
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Chapter 1. Introduction 

 

The 3.8 billion-year’s evolution of life has so many amazing creatures for us 

to learn from; while ultimately, we create never-existed-on-earth features to benefit 

human life. Superhydrophobic (SH) surface is efficient way plants and animals 

developed to keep their skin clean from water and stains1. If we are able to enable 

such feature on whichever objective, the world would change a lot: fouling seldom 

happens; outdoor constructions are much easier to maintain; equipment (like an 

umbrella) dries without waiting; reactors and pipes can be re-designed; and, 

actually researchers proposed much more functions, such as surface-assisted 

extraction and anti-icing, which may influence even more extensively in energy, 

transportation and human wealth.  

This chapter is an overall introduction of current developments in the SH 

coatings and their challenges. Firstly, an introduction of the theory and the history 

of SH are briefly described. Subsequently, the different strategies for generating SH 

coating regarding their materials, fabrication, and application is reviewed, and 

comparisons of the strategies are given. Particularly, the efforts on the translation 

of SH coating to the real-world application are highlighted and the emerging 

applications in self-cleaning, anti-fouling by bacterial, and anti-icing are discussed 

in detail. Finally, the research motivation and the proposed methodology of the 

present thesis are given. 

  



2 

 

1.1. History and theory the of superhydrophobicity 

The discovery of natural rubbers and the subsequent development of synthetic 

polymers in the 1900s were the key materials advances in the development of water-

repellent surfaces, thereafter facilitating the mass production of polymers with low 

surface energy. For example, polydimethylsiloxane (PDMS; a common silicone 

rubber) and polytetrafluoroethylene (PTFE; one of the commonly known Teflon 

materials) are two outstanding representatives. The polymers could be further made 

breathable and more water-repellent when porous structure formed, which led to a 

revolution in the high-performance textile industry. The water-repellent ability 

could be endowed to some substrates by directly coating with the low-surface-

energy materials. 

Along with the discovery of structure on the surface of lotus leaf, skins of 

water strider, geckos foot, butterfly wings, shark skin, and fish scale, as well as 

many other living beings, the SH coating were getting more and more attention, and 

the items of published literature are experiencing an exponential increase (Fig. 1-

1). Inspired by these biological findings, many techniques and rational strategies 

have been proposed to construct SH and self-cleaning fabrics by mimicking the 

surface topography of biological systems. A great number of artificial SH coating 

were created with various silicon-based, carbon-based, metallic, organic polymer, 

and bio-molecular materials by diverse methods in the past two decades, each 

providing varying degrees of control of the micro nano roughness and wettability 

of SH nanocoatings2.  
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Figure 1-1. Timeline of major advances in liquid repellency. The timeline includes 

advances in theory, polymer and surface chemistry, as well as in the development 

of artificial SH surfaces3. (B) Published items about SH in the past two decades 

retracted from Web of Science Core Collection. 

 

Surface energy quantifies the disruption of intermolecular bonds that occur 

when a surface is created. In the physics of solids, surfaces must be intrinsically 

less energetically favorable than the bulk of a material (the molecules on the surface 

have more energy compared with the molecules in the bulk of the material), 

otherwise there would be a driving force for surfaces to be created, removing the 

bulk of the material. The surface energy, therefore, is defined as the excess energy 
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on the surface of a material compared to the bulk, or it is the work required to build 

an area of a particular surface.  

Surface energy comes into play in wetting phenomena. The water contact 

angle (CA) measured at the edge of the liquid droplet (Fig. 1-2) normally be taken 

as an apparent parameter for characterizing the surface wettability of one material. 

Generally, surface wetting behaviors are divided into four different regimes. Most 

conventional objects possess water CA in the range of 10° <θ< 90° and 90° <θ< 

150°, respectively, which are defined as hydrophilic and hydrophobic regimes. 

Within the extremes of surface wetting behavior with CA in the range of 0° <θ< 10° 

and 150° <θ< 180°, respectively, the superhydrophilic and SH regimes are more 

attractive. The SH regime describes a state of the nearly perfect non-wetting state, 

which also exhibits extremely low water hysteresis of CA and sliding angle (θs) that 

results in the easy rolling of water droplets.  

 

Figure 1-2. Illustration of contact angles and forces acting on a liquid water droplet 

on a solid surface. (a) Static CA (θc) with the gravity force (mg) and surface tension 

forces (γlg and γls). (b) Advancing (θa) and receding (θr) contact angles and sliding 

(roll-off) angle (θs). 

 

Young’s equation. It is well known that the surfaces of solids or liquids at a 

stable state must be intrinsically less energetical than the bulk of them. In other 

words, the molecules on the surface have more energy compared with the bulk 

molecules. This phenomenon is aroused by the surface tension, or surface energy 

due to the fewer bonds with neighboring atoms at the surface than interior atoms or 

molecules. The relationship between the CA (θ), the surface tension at solid–vapor 
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(γSV), solid-liquid (γSL), and liquid–vapor (γLV) could be explained by Young’s 

equation4:  

cos θ =  
(𝛾𝑆𝑉 −  𝛾𝑆𝐿)

𝛾𝐿𝑉
 

However, this equation is applicable only to smooth surfaces. For a practical 

arbitrary surface, one must take surface roughness into account. The equation 

thereafter was modified by Wenzel5 and Cassie and Baxter6 (Fig. 1-3). 

 

Figure 1-3. Liquid droplet on a rough surface. (a). The behavior of a liquid droplet 

on a rough surface: Wenzel state (b); Cassie–Baxter state (c). 

 

Wenzel state. In 1936, Wenzel took surface roughness into the theoretical 

study for the first time. At the surface of any real solid, the actual surface will be 

greater than the geometric surface because of surface roughness. A surface 

roughness factor (r) is thereby defined as the ratio of the actual surface area to the 

apparent surface area. When r is introduced, a new model based on Young’s 

equation was proposed by Wenzel to describe the CA of liquid which wets the entire 

rough solid surface: 

cos 𝜃𝑊 = 𝑟 cos 𝜃 

Thus, the apparent CA of liquid is not only resolved by surface energy of different 

phase, but also by the surface roughness.  

Cassie and Baxter state. While on a SH interface, water does not fully 

conform to the topography of the solid surface, because of the trapped gas pockets. 

To further explain the mechanism of liquid on such a composite interface, Cassie 
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and Baxter proposed the following equation for this model to reveal the contribution 

from both the solid and gas phase: 

cos 𝜃𝐶𝐵 = 𝑓𝑆𝐿(1 + cos 𝜃) − 1 

where fSL is the solid area fraction of the substrate in contact with the liquid droplet.  

 

The Wenzel and Cassie–Baxter equations describe two limits of wetting 

behaviors, both states could transit to each other due to the changing in the pressure 

or temperature7,8. Nonetheless, there still are some challenges for these two models 

to explain real conditions between droplets and solid surfaces. But what we know 

is the liquid repellency of one solid surface could be greatly enhanced by increasing 

the solid-liquid fraction (fSL) and the intrinsic CA (θ). Both of them now have been 

demonstrated by practical geometry models, i.e., hierarchical structure9 and re-

entrant structure10 (Fig. 1-4). 

 

Figure 1-4. Two geometric models of SH surfaces. (A) Hierarchical structures. 

Scanning electron microscopy (SEM) images show the rough surfaces of lotus (a) 

and Colocasia esculenta (b).9 (B) Re-entrant structure. (a) Top angled view of the 

square array of circular posts (b) Bottom-angled view of one post. (c) Cross-

sectional view of one post. (d) Magnified cross-sectional view of the vertical 

overhang.11 
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The hierarchical structure on a lotus leaf. Although researchers had been 

engaged in exploring the water-repellency for decades, the key advance was made 

by visualization of the lotus leaf structure9 until the introduction of SEM. The 

hierarchical structure at both micro and nanoscale level renders lotus leaves an 

extremely high water CA and very low sliding angle (or water CA hysteresis)12–14, 

because the nanoscale roughness endowed an SH surface with a large fraction of 

air. 

Reentrant structures. Superhydrophobicity was implemented by combining 

the large surface roughness and the low-surface-energy materials. The most 

commonly accepted model is the micro/nano hierarchical structure inspired by the 

lotus effect. However, the engineered surface could lose its water repellence when 

the surface is fouled by organic or biological molecules. For the repellent to the 

highly wetting liquids, such as oil or organic solvents, or so-called oil phobic or 

omniphobic, a roughness with an overhanging topology (e.g. re-entrant pillars or 

even doubly re-entrant pillars) is necessary10,15–17. The mechanism of this 

phenomenon also lies in the Cassie-Baxter model,  

cos 𝜃∗ = 𝑓𝑠 cos 𝜃𝑌 − 𝑓𝑔  

When considering a perfectly smooth surface without any roughness, the ideal 

Cassie state with fs + fg = 1 could simplify the above equation to  

cos 𝜃∗ = 𝑓𝑠 (1 + cos 𝜃𝑌) − 1  

by minimizing fs the contribution of the material’s inherent non-wettability 

(described by the magnitude of θY) on the liquid repellency (described by the 

magnitude of θ*) diminishes. Therefore, a structured surface could repel any liquid 

if the doubly re-entrant microstructures is introduced10.  

 

1.2. Strategies for fabricating SH surface 

To construct SH surfaces, one must choose materials with at least moderate 

low surface energy (e.g., hydrocarbon or fluorocarbon compounds), and render the 

coating an appropriate roughness, normally by creating hierarchical surface 



8 

 

structures with micro-nano dual scales. Various physical and chemical approaches 

can satisfy these two requirements. In general, these approaches can be categorized 

as four strategies: depositing nanoparticles or chemical substances with low surface 

energy on substrates; etching substrates to generate rough surfaces and then 

modifying low surface energy layer; engineering hydrophobic polymers; and 

coating with oil or liquid layer. 

 

1.2.1. Depositing or crystalizing nanoparticles with low surface energy on the 

surface 

The most common approach to date has been to crystallize or embed 

nanoparticles or chemical substances on substrates, which enjoys the advantage of 

easy-to-fabricate on objects with various shapes and sizes. Xu Deng and co-

workers18 reported a porous superamphiphobic surface inspired by the candle soot 

(Fig. 1-5). The coating was prepared through three steps. A porous deposition of 

candle soot was coated with a 25-nanometer-thick silica shell. Then the black 

coating calcination at 600 °C to rend it transparent. Finally, the hydrophilic silica 

shells were coated with a semifluorinated silane by chemical vapor deposition to 

endow them low surface energy. The spherical shape small-scale roughness can 

provide a sufficient energy barrier against wetting, thus rendering the coating 

superamphiphobicity possible19. The coating was highly thermal-stable even it was 

annealed at temperatures up to 450 °C for 1 hour. The hexane CA and the sliding 

angles kept constant. After calcinating the carbon template, the candle soot coating 

became highly transparent as verified by ultraviolet-visible transmittance spectra 

Fig. 1-5C, because the silica network has a shell thickness well below the 

wavelength of light. The superamphiphobic coating thereafter is suitable for 

applications on glass surfaces such as goggles, touch screens, or difficult-to-access 

windows needs to be transparent. However, the coating is applicable only to those 

substrates that could endure the rigorous high temperature (> 600 ℃). A recent 

work proposed by Yao Lu et al. used commercial adhesives such as EVO-STIK 

Impact Adhesive (a kind of rubber/synthetic resin in hydrocarbon blend from Bostik, 
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UK) to bond the nanoparticles, which composed of dual-scale nano TiO2 (titanium 

dioxide) coated with perfluorooctyltriethoxysilane (Fig. 1-5D). The SH surfaces 

show that a robust resistance to oil contamination (Fig. 1-5E). However, the coating 

is only applicable to the surface insensitive to the solvent of the spray adhesive, and 

the adhesive could only work at a narrow temperature range of 5-55 ℃ according 

to its technical datasheet. 

 

Figure 1-5. Depositing nanoparticles. (A) Candle soot coating. (a) SEM image of 

the deposit after being coated with a silica shell. Inset is a high-resolution SEM 

image of a cluster. (b) Static contact and roll-off angles of hexadecane measured 

after the samples. (c) Ultraviolet-visible transmittance spectra of a 

superamphiphobic surface compared to pristine glass. (B) Spray coating. (a) SEM 

(top) and transmission electron microscope (TEM, bottom) of the constituent 

nanoparticles in the paint. (b) A water droplet was repelled by the treated surface 

when immersed in oil. (c and d) The treated surface retained its water-repellent 

property even after being contaminated by oil (e to g) The dirt removal test in oil-

solid vapor interfaces.20  

 

More efforts have been made to crystalize uniformly shaped nanoparticles 

onto the substrate to create an artificial coating with bio-inspired functions through 
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controllable mimicking of the well-ordered multiscale structures of natural 

interfaces or surfaces. e.g. anisotropic fog-collection surfaces inspired by plant and 

insect, anti-fogging coatings inspired by mosquito eye, insect eyes inspired 

antireflection coatings, rose petal, sensors inspired by moth, etc21–24. Ziqi Sun et 

al.25 synthesized complex hierarchically ordered bio-inspired nanostructures based 

on a two-step self-assembly. Firstly, the oligomers or the constituent nanostructures 

with specially designed structures are formed from surfactant templates. By the 

addition of a second co-surfactant, these nanostructures further assembled into 

complex morphologies. In this case, triblock copolymer polyethylene oxide-

polypropylene oxide-polyethylene oxide (PEO20-PPO70-PEO20, Pluronic P123) 

surfactant is first added to form laminated micelles, which are combined with the 

subsequent addition of ZnO precursor solution to guide the formation of radial 

rhabdom-like structures. This new material is very structurally similar with natural 

biological structures of the compound eyes of the green bottle fly (Fig. 1-6 A, B). 

The frog on the surface accumulated to water droplets and soon slid off due to 

gravity. Therefore, fly-eye bio-inspired nanostructures can resist the condensation 

and adherence of fog droplets, due to their high contact angle, low surface adhesion, 

and low sliding-off angle, and might be developed into multifunctional coatings 

with anti-fogging, anti-corrosive, and self-cleaning properties. Another classical 

strategy to generate roughness is to directly growth crystals on the substrate. To 

form a hierarchical structure, a compromise way is a mechanical indentation. 

Employing the aforementioned steps, Peng Guo and co-workers26 fabricated a metal 

surface with micro/nano (MN) structures, as well as nano (N)-surfaces, micro (M)-

surfaces, and smooth (S)-surfaces without any structure (Fig. 1-6D). The ZnO 

nanohairs grew all over the microstructure, with diameters of 70–100 nm and a 

height of ∼3 μm. Such sizes of ZnO nanohairs cooperated with micro structures 

would favor effective icephobicity because of the high ratio of trapped air and 

generate a longer delay time of ∼7200 s to hold back the ice formation at a subzero 

temperature of –10 °C. The crystallization approaches, however, suffer from 

shortcomings when brought to practical applications. The resulting fragile 
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structures could not stand mechanical/chemical/thermal disturbance, e.g., after 

several thermal cycles, the surface lost superhydrophobicity with particles shed27,28. 

.  

Figure 1-6. Crystalizing nanoparticles. (A) Crystallization in solution. (a) SEM 

image of one fly compound eye. (b) the microstructure of the fly-eye bio-inspired 

ZnO nanostructures. (c) bio-inspired ZnO nanostructures synthesized at 150 °C 

from the reaction solution after aging at (3 d, 150 °C), and that at (7 d, 130 °C).25 

(B) Crystal growth on substrates. SEM images of four topographic surfaces from 

top and side views. (a) The micro-/nanostructured (MN) surface; (b) The 

nanostructured (N) surface; (c) The microstructured (M) surface; and (d) Smooth 

(S) surface without any structures. (e) Photographs showing in-situ ice formation 

on MN-, N-, M-, and S-surfaces (from left to right).26  
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1.2.2. Etching substrates to generate rough surfaces 

For those inorganic substrates, such as silica-based, carbon-based, metal, and 

metal oxidization materials, directly etching them could be a more convenient 

method to generate surface roughness.To render them superhydrophobic, thin layers 

of chemical substances29–31 or monolayer molecules32,33 with low surface energy is 

commonly employed.  

Coating ultrathin layer of chemical substance. Min Ruan et al.34 employed 

the electrochemical anodic oxidation and chemical etching methods to simplify the 

fabrication procedures for SH surfaces on the aluminum alloy substrates (Fig. 1-

7A). With the optimized etching, the icing on the SH surface initiated at a 

temperature of −6.1°C, and the icing process also occurs from bottom to top and 

continues for 18 s, indicating significantly anti-icing effect compared with the 

general aluminum alloy surface on which icing at -2.2 ℃ and continuing for 9 s. 

Supercooled water droplets would rebound off from the SH surface even at -8.0 ℃. 

D. K. Sarkar and co-workers29 etched the aluminum surface with diluted 

hydrochloric acid and then sputtered it with ultra-thin Teflon films to generate an 

SH coating (Fig. 1-7B). Another way to endow low surface energy proposed by 

Yuanyi Wang et al.30 is dipping the rough aluminum plate in the PTES solution and 

then curing at 100°C to produce samples with a PTES thin layer coating (Fig. 1-

7C). The rebounding behavior of water on such an SH coating significantly 

depended on the tilt angle and humidity. A water droplet would rebound only twice 

and then adhere to this surface when the humidity was increased to 85−90%. 
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Figure 1-7. Coating ultrathin layer of chemical substance on etched substrates. (A) 

(a) SEM image of aluminum alloy surface etched in different solutions. (b-g) The 

comparison of surface anti-icing property using the artificial installment between 

the general aluminum alloy surface (left) and the SH aluminum alloy surface 

(right).34 (B) (a) SEM images of ultrathin rf-sputtered Teflon coated aluminum 

substrates. (b) CA of water on ultrathin rf-sputtered Teflon coated aluminum 

substrates with etching time.29 (C) SEM images of samples (a) smooth aluminum, 

(b) etched aluminum, (c) smooth aluminum with PTES coating, and (d) etched 

aluminum with PTES coating. Scale bars indicate 500 nm. (e) Sequential images of 

the dynamic behavior of 10μL overcooled water droplet impact a 10° inclined SH 

surface from at−10°C under different humidity. Scale bars indicate 5 mm.30 

 

Grafting monolayer of molecules. An alternative method to create low-

energy surfaces involves the self-assembly of molecular monolayers, allowed for 

the precise control of the surface chemistry and repellency of certain materials. 

Fluorinated or silanized molecules are preferred due to their extremely low surface 

energy, strong chemical stability, and feasibility of grafting on the surface of various 

materials with -OH groups. Junfei Ou et al.33 successfully prepared by 1H, 1H, 2H, 

2H-perfluorooctyltrichlorosilane (coded as PFOTS) chemically and physically 

adsorbed onto the etched Ti alloy substrate, and found that the coating had higher 
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stability and much lower corrosion as compared by that with physically adsorbed 

PFOTS outer layer (Fig. 1-8A). Xiaoyan Song et al.32 obtained SH surfaces by the 

cooperation of methyloctyldimethoxysilane (MODMS) and 

fluorooctylmethyldimethoxysilane (FODMS) self-assembly with surface 

roughening. Changing the modification from in vapor to in solution could precisely 

control the order of the self-assembled molecules and the amount ratio of 

hydrophobic and hydrophobic silanol groups, which were used for tuning the water 

sliding angle and the water CA. The difference of water adhesion effects could be 

used to carry out stepwise transportation of water droplet, as showed in Fig. 1-8B, 

which may have significance on liquid microtransportation in microfluidic devices. 

But such surfaces are readily to lose their superhydrophobicity due to the loss of 

the grafted molecules. 

 

Figure 1-8. Grafting monolayer of molecules on etched substrate. (A) Fluorinated 

molecules. (a) Proposed chemical grafting process of PFOTS onto the Ti-HF/H2O2 

surface. SEM images of the polished (b), HF etched (c,) and HF/H2O2 etched (d) 

titanium alloy substrate; Optical images of a water droplet on the corresponding 

substrates.33 (B) Silylanized molecules. (a) Chemical structures of alkylsilanes and 

self-assembly scheme. (b) The process of transporting the water droplet.32  
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1.2.3. Engineering hydrophobic polymers  

Transfer-molding from biological or artificial template. Along with the 

discovery of the SH biosurface, efforts have been made to transfer these ideal 

micro- and/or nano- structures to artificial SH coating. The most effective ways till 

now are casting thermoset silicone rubber such as PDMS35–38, or molding to 

thermoplastics such as poly(methyl methacrylate) (PMMA38,39, polypropylene 

(PP)40 etc. the strategy is preferred due to its low cost and feasibility of fabrication. 

In 2005, Manhui Sun et al.37 firstly reported a strategy for replicating complex 

structures on lotus leaf by casting PDMS (Fig. 1-9A). The SH surface has very high 

water CAs and very low water roll-off angles. Because this fabrication method is 

simple, easy to control, and highly faithful to the structure of the original template 

even in the nanoscale, it is suitable for the mass replication of the very intricate 

topography of the structures of leaves. Another worth example contributed by 

Lifang Yuan and co-authors38 is a facile, versatile, and low-cost approach for batch 

production of superlyophobic surfaces with re-entrant pillar array on various 

curable materials (Fig. 1-9B). T-shaped overhang microstructures were firstly 

fabricated on Si by deep reactive ion etching and then were transferred to curable 

materials including PMMA, PDMS and Glass Resin (GR 650, Glass Resin is a 

product from Techneglas company. Its formula is (CH3SiO1.5)x).  
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Figure 1-9. Transfer-molding from bio or artificial template. (A) Casting PDMS. 

(a) Illustration of the lotus leaf replication process and creation of an SH surface as 

described in this study. (b-d) SEM images of the surface structure of the lotus leaf, 

the SH surface, and the negative template, respectively. (e-g) Droplets on the 

corresponding surfaces.37 (B) Casting plastics. SEM pictures of polymeric replicas 

(a-c). (d) The undercut length varied with the developing time of AR-P resist. The 

scale bar is 20 μm for all. CAs for water and hexadecane on the SLSs with different 

substrates of (e-g) Si master and its PMMA and glass resin replicas.38 

 

Endow roughness on polymers. H. Yildirim Erbil et al.40 described a simple 

and inexpensive method for forming a PP SH coating by using suitable solvents and 

temperatures to control the surface roughness (Fig. 1-10A). This process enabled 

solvent casting of isotactic polypropylene (i-PP) onto a wide variety of substrates 

by evaporating the solvent mixture. A homogeneous film of porous gel-like 

structure with water CA of 160° was obtained. The method can be applied to a 

variety of surfaces as long as the solvent mixture does not dissolve the underlying 
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material. Huaiyuan Wang et al.41 prepared SH coating composed of 

Polyphenylenesulphide (PPS) and SiO2 nanoparticles by casting them on substrate 

and annealing at 300 ℃. The coating was further modified with PTFE powder and 

PDMS (Fig. 1-10B). The wear life of the coating could be enhanced by increase the 

portion of PTFE due to its self-lubrication. For these plastics with low surface 

energy, directly abrading them with sandpapers is an extremely simple and effective 

manner to render them hydrophobic. Both advancing contact angles and CA 

hysteresis can be tuned in a wide range by varying the grit size of the sandpaper, as 

it was reported by Michael A Nilsson et al.42 

 

Figure 1-10. Endow roughness on polymers. (A) SEM pictures of i-PP at drying 

temperatures of (a) 30°C and (b) 60°C. The i-PP was dissolved in p-xylene the 

solvent was evaporated in a vacuum oven. (c) The profile of a water drops on a 

smooth i-PP surface and an SH i-PP coating.40 (B) Schematic of the fabrication of 

SH coatings (the liquids in the images are crude oil, glycerol, water, and oil-water 

mixture) (a). SEM images of the PPS/31%PTFE coating (b) and the PPS/31%PTFE 

coating with PDMS (c).41  
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In general, hydrophobic polymer materials have been widely used to create SH 

coatings due to their low cost and feasibility of fabrication. However, most 

materials involved in the reported strategies, such as PMMA, and PDMS, are 

instable against either thermal or chemical disturbance. The surface chemistry could 

be changed simply by irradiation, such as the UV in sunlight. It is reasonable that 

one must choose an extremely inert and robust material to make a coating suitable 

for real-world implementations. While this seems to be a dilemma as very inert 

materials are difficult to microfabricate into SH structures. 

 

1.2.4. Coating with oil lubricant 

Research on superhydrophobicity has made abundant progress in the theory 

and application through biomimicking. But the limited oleophobicity with high CA 

hysteresis, failure under pressure and upon physical damage, inability to self-heal 

and high production cost still restrict their practical applications. In 2011, Tak-Sing 

Wong et al.43 reported a strategy to create self-healing, SLIPS with exceptional 

liquid- and ice-repellency, pressure stability and enhanced optical transparency (Fig. 

1-11A). The substitution of air pocket with extremely low-surface-energy oil 

enables the repellence of liquids with a wide spectrum of surface tension from ~18 

to 72 mN m-1, which covers water and most of the organic chemicals. In additional, 

slippery liquid-infused porous surfaces (SLIPS) effectively repel complex fluids, 

such as crude oil and blood, and can repeatedly restore their liquid-repellent 

function upon recurring, large-area physical damage. Inspired by this approach, a 

variety of fabrication techniques for producing functional slippery surfaces have 

been reported. The potential applications of SLIPSs have been expanded to many 

areas, such as anti-icing, anti-frosting, anti-fouling, and anti-corrosion, etc. As one 

example, SLIPS can be eminently anti-biofouling44,45. Alexander K. Epstein et al.44 

further demonstrated that SLIPS prevent 99.6% of Pseudomonas aeruginosa 

biofilm attachment over a 7-d period, as well as Staphylococcus aureus (97.2%) 

and Escherichia coli (96%), under both static and physiologically realistic flow 

conditions (Fig. 1-11B). The antifouling function is nonspecific and spans 
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phylogenetically diverse pathogenic biofilm-forming bacteria. However, in 

practical applications, the liquid films are separated easily from the solid surfaces 

even due to external weak stress46, and in such a way may cause pollution to the 

environment. 

 

Figure 1-11. Coating with oil lubricant. (A) SLIPS. (a) Schematics showing the 

fabrication of a SLIPS. (b) Comparison of CA hysteresis as a function of the surface 

tension of liquids on SLIPS and on an omniphobic surface reported15. SLIPS 1, 2 

and 3 refer to the surfaces made of Teflon porous membrane (SLIPS 1), an array of 

epoxy posts (SLIPS 2) and an array of epoxy posts (SLIPS 3). (c), Movement of 

light crude oil (upper) and blood (lower) on substrates composed of a SLIPS, an SH 

Teflon porous membrane, and a flat hydrophobic surface. (d) Self-healing of the 

SLIPS after it was pinned.43 (B) Biofilm attachment reduction by SLIPS extends to 
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other highly pathogenic bacteria species. (a–b) Comparison of the attachment of 

biofilm-forming Staphylococcus aureus(a) and Escherichia coli(b) to PTFE and 

SLIPS. (c–f) Fluorescence imaging of S. aureus(c–d) and E. coli(e–f) bacterial cells 

attached to the control (c, e) and SLIPS (d, f) substrates, respectively. Scale bars = 

30 μm.44 

 

 

1.2.5. Comparisons among the strategies for fabricating SH coating  

The development of artificial SH coatings was partially facilitated by various 

advanced micro-/nano-fabrication methods. Especially, by various chemical 

synthesis of crystals with a wide spectrum of shape and size, the mimicking of 

morphologies could be achieved, and thus impelling the simulation and further 

development of these amazing phenomenon to practical demonstrations. A 

summary and a comparison among the reviewed strategies are given in Table 1.  
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Table 1-1. A summary of various strategies mentioned in this review. 

Strategies Materials Methods Substrates Properties 

Depositing & 

crystallizing 

Silica-based; 

Carbon-based; 

Metallic and 

metallic oxide 

Hybrid with organic 

Ultrasound Irradiation 

Spray/brush/dip 

Supramolecular 

Assembly 

Electrodeposition 

Metal, 

Fabric, 

Glass, 

Paper 

Structural diversity; 

Mimicking biostructures. 

 

Low stability against mechanical/chemical/ 

thermal disturbance 

Etching substrates Metal and metallic 

oxide 

Silica-based 

Plastic 

Photo lithography 

Anodization 

Chemical etching 

 

Specific 

substrate 

Energy/reagent-demanding; 

Unstable surface modification; 

Still not hydrophobic enough. 

Casting hydrophobic 

polymers 

Polymers Casting, 

Soft lithography 

Metal, 

Fabric, 

Glass, 

 

Feasibility of fabrication; 

Low cost. 

 

Most polymers are chemical and weathering 

instable 

Coating with oil 

lubricant 

 Infusing oil film Fluorinated 

surfaces 

High repellency to various liquids. 

 

Loss of liquid layer; 

Weak mechanical strength. 
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1.3. Efforts on translating SH surfaces into real-world adoption 

Among all the methods, the additive manners are preferred, since they offer 

feasible fabrication strategies and versatile applications of SH surfaces on diverse 

substrates, which are highly desired in real-world implementation of SH coating. 

Recent additive fabrication strategies can be categorized into two major streams: 

disordered nanoparticles on the substrate and controllable micro/nano structures on 

the substrate. 

 

1.3.1. Application of disordered nanoparticles on the substrate 

At present, disordered rough surfaces are much more relevant from a practical 

perspective owing to that they are feasible to form a multi-level roughness in micro 

and nano scales in a cheaper manner, and offer ultraphobic effect. The research 

stream on the application of disordered nanoparticles on substrate experienced three 

stages from simply disposition or assemble of nanoparticles, to using commercial 

glue to adhere nanoparticles, and then to using fluorinated resin to adhere 

fluorinated, aiming to improve the chemical stability of the coating. Work in the 

early stage mainly focused on the inorganic nanoparticles with hydrophobicity, such 

as rare-earth oxide (REO) ceramics47,48 and fluorinate silica18, assembling via 

physical sputtering or chemical vapor deposition (Fig. 1-12). Later, commercial 

adhesives were introduced into the system to improve the adhering strength. As 

examples, the SH surface is shown in Fig. 1-5B composed of fluorinated 

nanoparticles and spray adhesive (EVO-STIK multi-purpose impact) 20. Before 

application, the SH components were suspended in ethanol solutions. Chaoyi Peng 

and co-authors49 exploited a multi-fluorination strategy; fluorinated epoxy resin, 

perfluoropolyether and fluoropolymeric nanoparticles were used as building blocks 

to form all-organic nanocomposite coatings in an acetone mixture. In this system, 

the epoxy resin offered the substrate adhesion and the fluoropolymer nanoparticles 

provided the surface roughness. All the components were fluorinated to enhance 

the low surface energy. Since the adhesives could firmly bond with glass, steel, 

cotton wool, and filter paper substrates, the sprays are readily to apply to arbitrary 
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materials by implementing straightforward coating methods such as spraying, dip-

coating, or even simply extrusion from a syringe. The flexibility of the “paint + 

adhesives” combination enables both hard and soft substrates to become SH. 

 

Figure 1-12. Application of disordered nanoparticles. SH surface generated by 

disorder assembly of nanoparticles. (A) REO SH coating. (Aa) SEM image of the 

REO nanoparticles on silica microstructure. (Ab) water CA measurement. (Ac) A 

sequential images showing water droplet bouncing on the SH surface. Scale bars, 

2.5 mm.47 (B) Fluorinated silica SH coating. (Ba) image showing contact behaviors 

of different liquids droplets with the coating. (Bb, Bc) SEM images of the coating 

after sand abrasion with different magnificent.18  

 

Currently, commercialized sprays offer two levels of hydrophobicity, 

including water-proofing and water-repelling, differentiated by the water CA on the 

coating applied on a flat surface. Water-proofing sprays are commonly solutions of 

low-surface-energy materials, and form a thin layer of membrane after drying; the 

spay can achieve a superhydrophobicity only by utilizing the surface roughness of 

the substrates. The water-repelling sprays are suspension mixture of nanoparticles 

and glues. They provide both low surface energy and surface roughness without the 

aid from the topology of the substrate. However, the additional glues cannot provide 

sufficient adhering strength, the paints layer are readily detached from the substrates 

or damaged by inevitable environmental factors such as mechanical and chemical 

invasions. 
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1.3.2. Controllable fabrication of micro/nano structures 

 In a parallel research stream, the controllable formation of micro/nano 

structures offers many unique functions otherwise impossible. One notable example 

is the reentrant structure which resists wetting by all liquids10, as it is shown in Fig. 

1-4. Later, the strategy was developed into a feasible and inexpensive approach by 

using soft lithography38 (Fig. 1-9). Topological control of water bouncing on SH 

surface is drawing attention in many areas such as anti-icing, dropwise 

condensation, and self-cleaning. To engineer a surface that could promote rapid 

drop bouncing off is of importance. Yahua Liu, et al.50 demonstrated a pancake 

bouncing on an SH surface patterned with lattices of micro posts with nano texture 

after the surface was perfluorinated to decrease the surface energy, which achieved 

a fourfold reduction in the contact time compared with conventional ways (Fig. 1-

14). Since the SH surfaces were mainly constructed using a continuous solid 

material with controllable structures which could be larger than those disordered 

nanoparticles, the SH coatings provide inherently mechanical robustness than those 

prepared by assembly of nanoparticles, even using adhesives.  
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Figure 1-13. Controllable fabrication of micro/nano structures. Pancake bouncing 

on SH surface with designed topography. (A-B) SEM image of the microstructure 

and nano-flowers on the specially engineered SH surface. (C) Time-dependent 

pancake bouncing on the SH surface, which facilitates the water detachment 

compared with the retracted one during bouncing on the conventional SH surface, 

as shown in (D).51 

 

Both strategies experienced periods of material choices from simple low 

surface energy, to fluorinated material, and finally to the perfluorinated material, 

along with the requirements of chemical stability, mechanical robustness, adherent 

strength, and thermostability. Taken as an example, the multi-fluorination strategy 

created a multilevel robustness. However, challenges still exist when it is exposed 

to out-door environments, such as the poor adherent strength of common glues with 

PTFE, decomposition of resin adhesive induced by UV radiant, and loss of 

perfluorinated microplastics. These problems not only disfunction the 

superhydrophobicity but also brings about environmental pollution if the coatings 
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were used in large scale. This problem, however, is commonly neglected in the 

present research.  

 

1.4. Emerging applications of SH coatings 

Although there is still a long way to go before the real-world application of the 

SH coating owing to the low robustness and stability, etc., the SH coating have been 

harnessed in many functional applications2,52, such as self-cleaning, anti-icing, anti-

frost, heat transfer, anti-biofouling, cell capture, anti-corrosion, novel printing 

methods and so on, as they are the purpose and the destination of the research on 

theory, material, and fabrication. The overall influence of the SH coating is hard to 

summarize. Here, we limit our discussion to some fundamental applications in self-

cleaning, anti-bacterial fouling, and anti-icing, which are close to the proposed 

research. 

 

1.4.1. Self-cleaning 

The self-cleaning function is firstly inspired by the lotus leaves, on which dirt 

particles are only supported by the tips of the micro and nano particles; therefore, 

low adhesion forces are developed between them. When water droplets travel over 

the surface, dirt can be timely picked up and taken away. Till now, many researchers 

have contributed to a better demonstration of the self-cleaning behavior of the SH 

surfaces in industry, daily life, and the military53–58. For example, using 

(heptadecafluorodecyl)trimethoxysilane (Toshiba Silicone Co., Japan, denoted as 

FAS-17) and TiO2 as building blocks, Akira Nakajima and his coauthors 

successfully fabricated SH thin film coating and demonstrated a short-term self-

cleaning function during out-door exposure56. Yet, a major challenge still existed 

regarding the gradual decreasing of the water CA. The problems come from two 

aspects. First, although the TiO2 nanoparticles under sun light generate radicals 

which catalyze the decomposition of stain, the inherent hydrophilicity of TiO2 make 

both the hydrophilic and oleophilic stains adsorbing much easier. Second, although 

low surface energy by fluorination decreases the adhesion strength, SH coating still 
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can be stained, partially owing to the electrostatic effect, the accumulation of stains 

leads to the coverage of high surface energy material, which finally disables the 

superhydrophobicity of the coating and the functions as well.  

 

1.4.2. Anti-bacterial fouling 

Bacteria leads to serious healthcare and economic problems when they foul 

food, implant medical devices, water supply system, and marine equipment etc. The 

bacteria exist in nature predominantly as members of biofilms, which is structured, 

multicellular communities adherent tightly to surfaces in both natural and artificial 

conditions. Formation of biofilm not only endows them the drug tolerance owing 

to the enhancement of the resistance of liquid wetting and gas penetration, but also 

creates new resources of bacterial translocation. Current strategies for anti-bacteria 

by SH coatings focus on the utilization of wettability and surface topography to 

regulate the bacterial adhesion by biological and physical interactions. The cell on 

the SH surfaces present in a form of supporting by the tips of the top-layer structures 

which resemble the lotus effect. Therefore, they can be easily wetted by water and 

taken away59. The resistance to bacterial fouling can be enhanced by the surface 

chemistry of the coating, where an extremely low surface energy is highly desired. 

Thomas P. Schaer and the co-authors60 demonstrated that hydrophobic polycationic 

coating effectively inhibits biofilms even completely exposed to bacterial. The SH 

surface can also influence the bacterial interaction by size matching interactions. 

For examples, Xiaofeng Zhou et al. demonstrated that the topologies and wettability 

of nanowire arrays can effectively tune the cell adhesion behaviors; in nature, fish 

scales and Nepenthes plants employ wetted liquid layers to prevent bio-adhesion.  

 

1.4.3. Anti-icing and anti-frost 

Undesired ice accumulation affects diverse aspects of our life and production, 

leading to severe economic losses and, in some cases, loss of lives (Fig. 1-14). 

Architectures are cracked by the stress in freeze-thaw cycles, and persons may be 

injured or even killed by falling ice. Renewable energy sources like wind and solar 
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constructs stop working or are destroyed. Transportations such as aircraft, vehicles, 

and ships sustain much drag force and might lose control, leading to diverse fatal 

crashes and frequent delays. Powerline and tower collapse result in blatant electric-

power interruption and power outages. Frost formation in a high humid 

environment on freezing solid surfaces considerably reduce the heat transfer 

efficiency, with additional energy absorb during necessary defrosting cycles. In 

most cases, physical or chemical deicing is required to alleviate the problems. 

However, they are high-cost, energy-demanding, polluted, and low-efficiency. 

What more, deicing in extreme environment may cause unexpected casualties, e.g., 

in the 2008 winter storm in Southeastern China, 11 electricians were killed when 

they attempted to remove ice and snow from transmission lines. 

 

Figure 1-14. The failure caused by ice accumulation on transportations, 

constructions, etc. 

 

Recent research demonstrated the ice accumulation problems are potentially 

settled on a superhydrophobic (SH) coating. SH surfaces enable (1) timely removal 

of impacting water droplet and condensed frost; (2) delay of ice formation, (3) 

weakening of the adhesion strength between the ice and the solid. Based on the 

consideration, current research mainly focus on enhancing the repellent ability of 

SH coatings to super-cooled water/frost/ice by modifying the topography of 
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surfaces or infusing lubricant liquids. But achieving SH coatings still has limitations: 

poor robustness against severe icing environments, and frost formation break the 

Cassie-Baxter state of water-solid interface. 

 

In general, the icephobic surfaces can be categorized into two types61: (1) 

textured surfaces that trap air pockets to avoid wetting by supercooled water and to 

induce jumping droplets after coalescence62; (2) lubricant infused surfaces that 

construct a protective layer against moisture and facilitate ice removal63,64. 

However, the icephobic coatings share common drawbacks of poor durability and 

longevity3,65, hindering their applications in real life. The delicate nanoscale 

roughness required to trap air and lubricant is likely to result in surfaces prone to 

mechanical damage61,66. Defects promote the ice formation and soon spreads over 

entire surface via an inter-drop frost wave3,65 (Fig. 1-15A). In a high humidity 

situation or when supersaturation is likely to occur, the bouncing droplet effect is 

an ineffective path towards icephobicity67–70 (Fig. 1-15B). The ice adhesion 

increased significantly as air pockets are replaced or excess lubricant above the 

posts is depleted63, and in turn, exaggerates the damage to the surface structures 

during deicing processes71,72 (Fig. 1-15C).  

 

Figure 1-15. Deicing damages superhydrophobicity. (A) Shear stress of the ice 
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detachment on the surface of the samples as a function of the number of 

icing/deicing tests. (a) ZrO2 nanopowder incorporated fluoropolymer, (b) 

1H,1H,2H,2H-perfluorodecyl-triethoxysilane (FAS) coated etched Al, and (c) 

stearic acid (SA) coated etched Al. (B) diagram illustration of the wetting state of 

water caused by frosting. (C) diagram illustration of the SH structure damaged by 

icing and deicing cycles.71 

 

1.5. Research motivation and methodology 

Although decades efforts have been made to the development of theories and 

technologies of SH coating, there has barely been any real application. As pointed 

out by peers, major obstacles to applying previous methods in real weathering 

conditions are the reliability of the coating and the facile and large-scale 

production28,73. A reliable SH coating requires a strategy taking all aspects into 

consideration, such as material providing the basic mechanical, chemical, and 

thermal properties, fabrication methods to create designed topography, application 

style to various substrates with enough adherent strength2. Lacking any one of the 

factors causes failure in the practically implement SH coating.  

In the efforts of recent years improving the stability of SH coatings, a gradual 

increase of using fluorinated polymers is observed, which should be attributed to 

the outstanding inertness of the fluorinated polymers (Fig. 1-16). While any non-

perfluorinated block introduces chemically instability as long-term exposure 

outdoor would decompose or oxidize these substances and thereby boost the surface 

energy of the coating, it is reasonable to consider an SH coating made entirely of 

perfluorinated material, i.e. perfluorinated polymer, commonly referred to as Teflon. 

Composed of densely packed rod-like molecules74, Teflon has the protection of 

fluorine atoms surrounding the carbon atoms closely, leaving no room for other 

molecules to approach the carbon chain to cause chemical substitution, while 

common weak interactions between molecules are excluded too. The extremely low 

surface energy would give the outstanding chemical inertness compared with those 

partially fluorinated or non-fluorinated materials 
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Figure 1-16. Evolution of the design principle for improving the overall 

performance of the SH coating, including chemical stability, mechanical robustness, 

adherent strength to the substrate, and thermostability. Representative literatures are 

listed in the figure. 

 

Apart from the extremely low surface energy, the molecular structure gives 

birth to the Teflon many other outstanding inherent properties75, which should 

contribute to the final performance of the functional SH coating. Yet, they are 

presumptions at current stage needing verification. For example, the flexibility and 

self-lubrication would enhance the resistance to mechanical abrasion; the anti-

stickiness to almost all kinds of molecules would enhance the self-cleaning 

capability; the high thermal stability at temperatures from -200 to over 250 °C 

makes the coating applicable to harsh environments. However, achieving a whole-

Teflon SH coating still have major challenges to be addressed, such as to develop a 

method that can shape inert Teflon into design structures, to fabricate whole-Teflon 

SH coatings onto various substrates with multilevel robustness, to achieve a mass-

production technology for real-world application, to demonstrate the unique 

properties of the proposed whole-Teflon SH coating.  
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1.5.1. A feasible method for 3D fabrication 

The high inertness and other properties of Teflon make it the optimal material 

for SH coatings, but bring about a decades-long challenge for effective and 

affordable microfabrication. None of the methods discussed in Section 1.2 is able 

to create those micro/nano hierarchical structures, re-entrant structures, and some 

more complicated structures with closed loops that are essential to 

superhydrophobicity and other functions. One work that gives the possible clue to 

address this challenge is a breakthrough in our group; Teflon was fabricated into 

microfluidic chips by a replica-molding method76, here we name it dynamic soft 

molding. Dynamic soft molding adopts a different principle including a soft gas-

permeable mold, relatively high molding temperature, and slight pressure, which 

are distinct from the conventional hot-embossing method. But whether this method 

can be applied to 3D microfabrication still needs an in-depth study. 

 

 

1.5.2. Multi-level robustness of SH coating 

Along with the research development in the SH coatings for real-world 

application in recent years, a multilevel robustness to maintain low surface energy 

of the surface chemistry and intact microstructures is required. This suggests an SH 

coating should be mechanically, chemically, and thermally stable, and have the 

strong adherent strength to various substrates. Much more efforts have been made 

to improve these aspects of robustness, but none of them achieved an overall 

reliable performance. In general, chemical robustness can be enhanced by 

introducing perfluorinated or partially fluorinated materials into the system. For 

example, the multi-fluorination strategy made the SH coating chemically resist to 

highly corrosive solution in a short term49, but the PTFE nanoparticles are 

incorporated rather than adhered to the surface by resins, thus still creating poor 

adhere strength. The glue used in the SH system may enhance the mechanical 

robustness and adherent strength20,49, but inevitably developed chemically weak 

points attacking by chemicals and UV radiations. The results obtained by Michael 
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A Nilsson showed that SH Teflon surfaces can be obtained by simply abrasion with 

sandpapers42, but this method can only provide a shallow roughness, and the 

superhydrophobicity is disabled by simply finger wrapping. REO SH coatings have 

been demonstrated to resist to high temperatures up to 1000 °C47,73, while the oxide 

components are vulnerable to chemicals such as acid and alkali. Therefore, how to 

achieve a multilevel robustness is still a major challenge. 

Identifying the most promising avenues to a multilevel robustness calls for 

standardized evaluation methods. Taken as an example, a variety of methods have 

been developed to characterize the mechanical robust of SH coatings, including 

sand grains18, laundering, and jetting water77 and wear tests. Among them, a linear 

abrasion tests28,78 appears to be the best, as it is easily accessed, relevant to most 

applications, and insensitive to uncontrolled parameters. The abrasion test partially 

reflects the adhering strength of the coating. Although the adherent robustness is 

better demonstrated by using a tape peeling test20,49, these tests of adherent strength 

are still doubtful as they do not evaluate the true adherent strength between the 

substrates and the coating. Tests with different chemicals have been adopted to 

evaluate the chemical robustness, in which alkaline, acidic, and oxidizing solutions 

were involved49. The best record of the chemical robustness is obtained from the 

multi-fluorinated SH coating, resisting the aqua regia corrosion for 1 h because the 

SH effect delayed the contact between the corrosion solution and the weak resin. 

But one must concern that, in a real-world application, the corrosion and/or 

degradation agents exists not only in the liquid state but in gas state and radiant 

state, for example, the acid gas and UV light. Further, it will be interesting to 

investigate the resistance of the SH coatings to prolonged exposure to high 

temperatures and fatigue79. 

 

1.5.3. Mass production of SH coating for real-world adoption 

How to achieve industrial-scale production of the SH coating is another 

concern. Previously, dip-coating and spray-coating have been explored for SH 

surface as scalable coating methods. Even so, we found it was impractical for use 
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in the production of SH coating due to large material loss, huge organic solvents 

consumption, and low application amount that is insufficient for creating sacrifice 

layers resisting mechanical abrasion79. Consider the loss of microplastics, 

permanent environmental pollution happens if such a method was used in large 

scale. For the whole-Teflon SH coating strategy, we noticed a roll-to-roll (R2R) 

process to scale up the production. In a typical R2R process, a set of rollers are 

employed to transmit polymer web to the stamp and transfer the stamp features onto 

the polymer, allowing the circular use of the stamp and continuous generation of 

patterned film. The present study will also study if an R2R process can inherit the 

ability of dynamic soft molding method to consecutively generate an SH film. 

 

1.5.4. Functional applications of SH coatings 

Although along with the development in the theory of SH surface, many 

applications have been proposed by taking advantages of the liquid contacting 

behaviors on the surfaces, some fundamental mechanisms and problems regarding 

the application aspects need study. The first of these is to achieve a long-lasting 

self-cleaning function on SH surface, as pointed by researchers, SH coatings get 

dirty during outdoor exposure, owing to, on one hand, the low robustness, on the 

other hand, to the effect of dirt particle shading. Second, anti-fouling by bacterial 

are potentially enabled by the water-repelling effect. Achieving a reliable anti-

bacterial function can totally upgrade the technologies in the areas of the biomedical 

implant, marine transportations, and package materials. Third, although anti-icing 

situations could be matched with the properties of SH coating through three ways, 

(i) immediately removal of impacting water droplet and condensed frost; (ii) delay 

of ice formation, and (iii) weakening of the adhesion strength between the ice and 

the solid, none of the present reports can achieve a durable anti-icing function, 

because of the low robustness, especially the poor mechanical and thermal 

robustness in the harsh icing environments. The frost in humid and chill conditions 

are more likely to attack the SH coatings as SH surfaces provide larger actual areas 



35 

 

compared with flat ones. We will investigate whether the whole-Teflon coating will 

provide superior performance based on the unique material properties. 

 

1.6. Objects 

Specifically, the objectives of the present work are described as following: 

(1) to develop a feasible and low-cost 3D microfabrication technology based on the 

dynamic soft molding method. The proposed technology not only can be used 

for engineering SH surfaces, but also have potential impacts on many important 

areas involving 3D microstructures, such as energy conversion, signal 

transmission, and bio-scaffolds. 

(2) to generate a whole-Teflon SH coating with multilevel robustness. The 

challenges in this objective are to develop standardized robustness evaluation 

methods according to the application cases; to topologically control the surface 

Teflon surface and to tightly adhere the Teflon SH coating with various substrate, 

as well as to systematically evaluate its robustness. 

(3) to develop an R2R process for the mass production of SH films. Owing to the 

difference in the theory level between our process and the conventional R2R 

hot-embossing processes, we must develop a new design of R2R process based 

on the dynamic soft molding methods and evaluate the printing performances. 

In addition, the R2R process will be used for universally engineering various 

plastics with water-repellency for specific application situations.  

(4) to explore the multifunctional applications of the SH films. The main aims of 

this objective are to evaluate the performances of the SH film in multifunctional 

applications in self-cleaning, anti-bacterial fouling, and anti-icing; and to 

explore the effects of the fundamental issues (i.e., topography, surface chemistry) 

on the functional applications. 
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Chapter 2. Faithful transfer print of true 3D hierarchical structures by 

Configurable Crack-Assisted Molding 

 

Brief: Over the past decade, various three-dimensional (3D) hierarchical structures 

fabricated by different prototyping technologies have emerged, which demonstrated 

various important new functions such as mechanical, optical, and electromagnetic 

sensing as well as manipulating chiral chemistry and cell biology; however, their 

practical adoption is hindered by lack of cost-effective methods for mass production. 

A notable example is the fabrication of 3D structures using high-resolution 3D 

printing, but this process is very costly and has a relatively low processing speed 

and limited range of processable materials. We herein report a simple yet powerful 

method, referred to as configurable crack-assisted molding (CCAM, under the 

umbrella of dynamic soft molding), that allows direct transfer-molding of virtually 

any true 3D microstructures into a wide range of materials at high production rate 

and low cost. Our method leverages on the dynamical modulations of elastic crack 

formation and its reversible self-sealing/reopening through delicate control of 

polymerization of soft thermoset mold, leading to cost-effective mass replication of 

intricately complex 3D hierarchical structures. This can be implemented even with 

closed loop structures into various polymers, which is otherwise impossible through 

other approaches. Combining experiments and theoretical modeling, we have 

successfully revealed the fundamental mechanisms underpinning this previously 

unexplored technique.  
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2.1 Background 

In the past decades, methods to fabricate true-3D microstructures such as such 

as lithography80,81, focused electron/ion beam deposition82–84 (FEB/FIB), colloidal 

assembly85,86, and 3D printing87–91, have experienced a boom. As a result, various 

hierarchical structures have been created and used in scientific research as 

fundamental elements of functional interfaces specifically engineered for energy 

conversion, signal transmission, and topological interaction among numerous 

physical, chemical, and biological interfacial processes88,92,101,102,93–100 (some 

important representatives are shown in Fig. 2-12). A large number of new 

applications are expected to be enabled by these new functions, but the lack of a 

viable method that can mass-produce 3D microstructures at an affordable cost has 

been a major hurdle to their practical implementation. For example, the prevalent 

3D printing techniques with high spatial resolution require expensive and 

sophisticated instruments for multiphoton absorption polymerization (MAP)88, 

restricting the printable materials to some expensive photosensitive inks only. 

Moreover, the serial processing nature of 3D lithography greatly compromises 

manufacturing speeds and production throughputs. The cost, processing speed, and 

limited processible materials are common issues for other 3D microfabrication 

methods too. Thus, it is imperative to develop new technologies that can transfer 

the required 3D structures to various target materials in a mass-production manner 

for practically useful applications.  

Pioneering efforts in replication technology such as soft-lithographic replica 

molding,103–105 has allowed realization of rapid, low-cost mass-prototyping of two-

dimensional (2D) and quasi-3D microstructures with a satisfactory resolution105,106. 

Soft lithography employs an elastomeric mold, commonly made with PDMS, to 

bridge the master and the replicas in two steps: casting PDMS precursor over a 

master structure (casting step), and then using the cured PDMS to mold quasi-3D 

structures into desired materials (molding step)107–109. One worthwhile effort on 

replica molding 3D microstructures, especially those containing closed loops, is a 

technique named membrane-assisted micro-transfer molding (MA-μTM) 109. Thin 
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(≈500 nm-thick) membranes passing through otherwise closed loops on the master 

help with the release of the soft mold. However, the presence of the assisting 

membranes inevitably limits the spatial resolution of replication to ~2 μm. 

Moreover, it is impossible to replicate an array of closed loops because of the gap 

accumulation effect in the PDMS mold. Additional shortcomings include difficulty 

in creation of the thin membrane, pattern distortion, and defects on the replica (for 

details, see Fig. 2-16). The invention of the membrane-assisted molding method 

pushed the 3D replication technology one step forward, despite it is still not a 

general method that can replicate true 3D structures. It is plausible, however, that 

the introduction of such membranes was a makeshift; it could be imagined that all 

the inconvenience and limitations hereinbefore can be avoided if the mold, with no 

assisting membrane in presence, can simply generate cracks at the right locations 

spontaneously and get demolded from the master in one piece — this, unfortunately, 

was believed impossible based on existing methods (validated in our control 

experiments too). Since the initial report of MA-μTM in 2006, it has become a 

common belief that the only way to mold 3D structures is to structurally break the 

mold using preset sections such as assisting nano-membranes. This has 

unfortunately brought the potential of mass replicating true-3D microstructures to 

a dead end. 

As discussed above, the overwhelming obstacle to true 3D replication is the 

failure caused by master/mold/replica breaking apart during demolding. Functional 

3D hierarchical structures commonly consist of multipronged shapes, e.g., 

reentrants, thin rods, and closed loops, as well as fine beams and/or tips. During 

replication, these structures are topologically “trapped” or “locked” within the mold 

and are hardly released. Separation of them leads to devastating damage. This 

obstacle has been proven true for decades, but we discovered that it is no longer 

true when an additional degree of freedom is introduced into the system. Here, we 

report a strategy for faithful direct replication of true 3D microstructures with 

resolution down to submicron scale. Crack in nature is detrimental, but here we 

leverage on this effect to achieve functions otherwise impossible. Deviated from 



39 

 

the conventional paradigm of molding-based fabrication strategies in which the 

mold is considered an object with fixed mechanical properties, CCAM actively 

changes the mechanical properties of the mold so that cracks can spontaneously 

create in the mold to allow successful demolding, whilst the cracks in the mold can 

repeatedly self-seal and reopen in the subsequent stage to produce flawless replicas. 

This makes it possible to mass-produce true 3D hierarchical structures at low lost 

and offers the freedom to choose product material. Combining experiments and 

theoretical modeling, we reveal the fundamental mechanisms underpinning this 

previously unexplored phenomenon and demonstrate the merits of this method by 

replicating some important and representative 3D structures that have been reported 

previously but cannot be mass produced. 
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2.2. Materials and experiments 

2.2.1. Fabrication of 3D master structures 

Pillar arrays with closed loops. To fabricate a large area of interconnected 

micropillars arrays, we employed the over-exposure method during 

photolithography, as schematically shown in Fig. 2-1. A recommended exposure 

dose led to vertical pillars, while an over-exposure led to formation of closed loops 

between the adjacent pillars. The original templates for different microstructures 

with closed loops were characterized using a SEM and fluorescence confocal 

microscope. 

 

Figure 2-1. Schematic illustration showing the fabrication of the interconnected 

micropillar arrays by over-exposure.  

 

Split-rings. To fabricate the master templates for post arrays with closed loops (Fig. 

2-2), we introduced an exposure energy that is three times of the recommended 

energy to generate interconnected structures in SU-8 photoresist (420 mJ/cm2, 

compared to the recommended 140 mJ/cm2, for a 20 μm thick photoresist layer). 

Such over-exposure method is quite reliable to fabricate mesh-connected pillar 

arrays homogeneously. To generate overhanging ring and split-ring master 

templates, we firstly developed an SU-8 template containing 9-μm high ring arrays 

by under-exposure and cast a PDMS stamp to get a structure complementary to the 

SU-8 template, which consisted of 8-μm diameter microwells with 5-μm diameter 

microposts standing in the centers of them. A plastic bar was then applied to squeeze 

the PDMS piece from one direction at once. The microposts on the PDMS surface 

bent to the same direction and sticked to the side wall of the microwells. After the 

PDMS piece was baked at 250 °C for 1 h, the microstructure on the PDMS 

maintained. This master could be repeatedly used for molding thermoplastic 
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replicas. The structure thereby was a split-ring. By adjusting the exposure dose to 

the SU-8, we can fabricate split rings with different intervals and with closed loops. 

Enlarging the exposure dose increases the top thickness of the ring on the SU-8 

master, thereby creating bigger room at the bottom of the PDMS structures after 

stroking. 

 

Figure 2-2. Schematic illustration showing the fabrication of the split ring by 

combining optical lithography and soft lithography. The pillar in the central is 

stroked to and sticks to the side wall of the PDMS well.  

 

Probe, helix, arch, and bull. These structures were fabricated by MPA using a 3D 

laser lithography system (Nanoscribe GmbH). The photoresist IP-Dip was drop-

cast onto a fused silica substrate and a 60x objective was immersed directly in the 

photoresist. The 3D microstructures were pinpointed cured by direct laser writing 

according to the design. After writing, the structures were developed in propylene 

glycol monomethyl ether acetate for 20 min, rinsed in isopropyl alcohol, and dried 

with nitrogen gas. To facilitate demolding, the structures were further coated with 

15 nm thin layer of gold film using a sputter coater (Edwards). 

 

2.2.2. CCAM of thermoplastics  

The replication procedure consisted of two steps: casting PDMS from master 

templates, and thermomolding polymers. First, RTV 615 PDMS (General Electric) 

was thoroughly mixed in a 10:1 mass ratio of prepolymer to curing agent and 

degassed in a vacuum desiccator for 30 min. The optimal mixture ratio was 10:1 

after our screening. Then, the PDMS mixture was poured on the master templates 

and cured at room temperature (22 °C) for 12 h. Such low curing temperature 

produced a PDMS with relatively large elastic deformation and low tensile stress. 
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Note that, PDMS would cure sufficiently in 12 hours at 25 ºC to permit handling, 

while the curing time could be extended to 24 h for replicating finer features. After 

that, the soft mold was carefully peeled off and attached to a quartz glass slide. For 

a comparison with conventional soft lithography, the casting of PDMS was 

performed at 80 ºC for 1 h to allow full curing, instead. 

Prior to thermomolding, the soft mold was pre-baked for 30 min at 150 ℃. 

The temperature was gradually raised up (typically 10 ºC per minute) from room 

temperature at the beginning of baking. The thermoplastic plate was then laminated 

with the soft mold and another quartz glass slide, and hot-pressed at molten state 

for 1 min with a pressure of ~0.2 MPa. After that, the sandwich was cooled down 

to room temperature gradually while the pressure was kept. 

 

2.2.3. Finite element simulation  

To elucidate the stress distribution and the deformation of the PDMS soft mold 

during two demolding steps, finite element analysis was performed using the 

structural mechanics module of COMSOL Multiphysics. The mold with closed-

loop pillar arrays was simplified as a 2D contact model. The cross-sectional layers 

at the openings (corresponding to the neck region of PDMS mold) and under the 

closed loops of the master (corresponding to the bottom region of PDMS mold) 

were defined as the neck layer and bottom layer, respectively. In the first step, the 

numerical model consisted of a PDMS stamp and an SU8 triangular pillar in the 

center, which were treated as a “contact pair”. PDMS was defined as a hyper-elastic 

material using the Neo-Hookean material model, and SU-8 was modeled as linear 

elastic material. The displacement was prescribed at the top boundary of PDMS, 

which caused both PDMS and SU8 to deform. The PDMS stamps with different 

neck lengths and bottom thicknesses were simulated, and the von Mises stresses 

and the deformation of PDMS were compared. The second step was simulated 

similarly as the first step, except that the SU8 triangular pillar was replaced with 

thermoplastic material and a crack in the PDMS stamp was pre-set in the bottom 

region of the closed loop. 
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2.2.4. Directional liquid transport  

Directional liquid transports were conducted on plastic diode replicas made of 

thermoplastics (e.g., PS, PP, and FEP). The silicon diode template was fabricated 

using standard MEMS process, as described elsewhere110. Dynamic CCAM method 

was used to prepare replica diodes with PS and FEP materials. The as-prepared 

replica diodes were then treated with air plasma to decrease the apparent contact 

angles of water. Typically, after treatment the apparent advancing water CA on the 

flat plastic surfaces was ~15°. Water was fed onto the surface of the diode at a 

velocity of 1.5 μL/min, and the spreading behavior was recorded with the camera. 

1 M NaOH aqueous solution and toluene were also used to demonstrate the 

generality and compatibility of the plastic diodes for directional liquid transport.  
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2.3. Results 

2.3.1. Rational design of true 3D replication strategy 

To realize molding of complicated true 3D microstructures, three essential 

requirements should be met during the casting and molding steps: (a) the mold must 

generate elastic cracks to topologically unlock the closed loops on the master 

structure during demolding from the master; (b) the mold must make sufficient 

room by elastic deformation for the trapped/locked structures to release; and (c) the 

cracks can self-seal and reopen reversibly to endure necessary pressure and release 

the replicas in multiple molding processes. These requirements appear to be 

mutually exclusive for any given molding material. In another word, these 

requirements demand changeable mechanical property for the mold material, i.e., 

the mold must be elastic and prone to breakage when peeled off from the master 

with closed loops; and it must be rigid and be able to self-seal to keep the 

conformality, but remain some elasticity to reopen for releasing of product. 

Leveraging on the fact that the mechanical property (e.g., Young’s modulus) of a 

thermosetting material can be changed over a wide magnitude, we hypothesize that 

the utility of curing dynamics of materials at different conditions offer the potential 

to solve the bottlenecks. Accordingly, we name this method CCAM. 

 

2.3.1.1 The material choice for the soft mold. 

Utilizing a soft thermoset material PDMS, soft lithography paved a way 

towards the goal of true 3D replica molding. Here, we conduct an in-depth study of 

the PDMS, including the crosslinking mechanism, the control of the mechanical 

strength, and the limitation of the working conditions at high temperature, to 

determine whether it is suitable for our choice.  

In this work, PDMS RTV615 supplied by General Electric is used. RTV is the 

abbreviation of “room temperature vulcanized silicone”. It is a system with two 

components: (a) RTV A that contains a dimethylvinyl terminated pre-polymer and 

the Pt-catalyst, and (b) RTV B that contains the cross-linker with several hydride 

groups. The crosslinking mechanism is shown in Fig. 2-3, The hydrosilylation 
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(addition reaction) relies on the ability of the hydrosilane bond of the cross-linker 

(≡SiH) to add across the carbon-carbon double bond belonging to the pre-polymer 

in the presence of the Pt catalyst111.  

 

Figure 2-3. Scheme of the cross-linking reaction for the silicone network formation. 

 

Control of Young’s modulus of the PDMS can be achieved by adjusting the 

curing temperature112,113, curing time, and mixture ratio of the components114. Some 

multi-chain network models have been established for better understanding the 3D 

stress-strain relationship of the elastic solid rubbers115. The most basic theory 

approach is to assume Gaussian statistics, which proposes a three-chain network 

model116. The Young’s modulus E is deduced to be directly proportional to both the 

chain density n (i.e., the number of chains per unit volume), and the temperature T, 

as it is shown in the equation below. k is the Boltzmann’s constant. 

𝐸 = 3𝑛𝑘𝑇 

 

The official instruction from Momentive USA recommends a mixture ratio 

(Rbase/cure) of 10:1, and a typical curing condition of 100 ℃ for 1 h to form a 

crosslinked network. In our case, PDMS with different component ratios cured 

stepwise though two sets of conditions are concerned, i.e., PDMS cured firstly at 

25 °C for 12 h (Phase I), and further at 150 °C for 30 min (Phase II). The results of 

strain-stress tests are shown in Fig. 2-4. We found under these two different 

situations, the curing of the PDMS can be well controlled. In phase I, Young’s 

modulus for the PDMS was very small. In Phase II, Young’s modulus could be 1-2 

orders of magnitude higher than that in Phase I. 

Changing the component ratios of the PDMS will alter the polymerization 
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kinetics. Decreasing Rbase/cure (from 10 to 5) promotes the crosslinking rate of 

PDMS, resulting in improvements of the stiffness of the PDMS in Phase I, while 

the final stiffness in Phase II does not change much since the final network for these 

ratios are almost identical. However, a much higher concentration (Rbase/cure < 5) of 

the curing agent causes a decrease of Young’s modulus both in Phase I and II, 

because the excess curing agent dilutes the network. Increasing Rbase/cure (> 10) not 

only reduces the polymerization rate, but also leads to a lower average chain length, 

and therefore, Young’s modulus of the PDMS is decreased in both Phases I and II. 

 

Figure 2-4. The mechanical property of PDMS at different curing extents. (A) The 

tensile stress-strain behavior of PDMS cured at room temperature for 12 h. (B) The 

tensile stress-strain behavior of PDMS cured at 25 °C for 12 h and then baked at 

150 °C for 30 min. The samples were prepared using a customized dumbbell mold 

(the narrow region is 5 mm wide and 2 mm thick). The separation rate during the 

test was 500 mm/min. The strain at which fracture occurred (indicated by arrows) 

defines the elongation at break. (C) Young’s modulus of the PDMS with various 

agent ratios in Phase I and II. 

 

PDMS soft mold can be used for thermomolding of plastics such as PFA at 

temperatures higher than the recommended working temperature of PDMS (204 ℃) 

for at least 20 times76. The lifetime of PDMS is limited owing to the degradation at 

such high temperatures (Fig. 2-5). The cyclic degradation resulted from the Si-O 

bond fracture in the presence of terminal groups, e.g., ≡Si-OH, can be described as 

the upper equation in Fig. 2-5. The intermediate product of the degradation can be 

regarded as a complex with a pentavalent Si-atom, and a hydrogen bond between 

the hydrogen from the ≡Si-OH and the oxygen of the siloxane bond. The Si-C bond 
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fracture, which results in methane production, can be presented as the lower 

equation in Fig. 2-5117. The decomposition leads to a decrease in the molecular 

weight of PDMS, hence resulting in a rigid mechanical property. 

 

Figure 2-5. Scheme of the decomposition of the silicone through two routes by 

fracture of Si-O (upper) and Si-C (lower) bonds at high temperature (＞200 ℃). 

Me refers to -CH3. 

 

2.3.1.2 Rational 3D replication strategy. 

We think PDMS is an excellent choice for the mold material for CCAM where 

our additional requirements are applied on top of those above-mentioned for soft 

lithography103–105. Although in previous methods, PDMS is simply fully cured 

during the casting process, the curing dynamics of PDMS can be easily controlled 

by adjusting mixture ratio, curing temperature, and curing time, resulting in 

changeable Young’s modulus (E) that can be tuned by more than one order of 

magnitude (Fig. 2-6A). Base on the mechanism of polymerization and control of 

curing dynamics, we design the CCAM (Fig. 2-6B) according to the following 

considerations. In the first step, the casting of PDMS is conducted at room 

temperature for 12 h (Phase I) before the partially cured mold is released from the 

master. A low curing temperature leads to a relatively looser macromolecular 

packing of PDMS as compared with that from high curing temperature103,115. Also, 

ort curing time is selected for further decreasing the strength of PDMS as it is not 
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completely cross-linked yet at this stage118. The mechanical strength of PDMS is 3 

orders less than that of most material for master structure (e.g., SU-8 photoresist). 

This design fulfills the requirements (a) and (b) as mentioned above. The second 

molding step is performed after the PDMS mold was baked at 150 °C for 30 min 

(Phase II). The PDMS is fully polymerized by then, and the baking at a high 

temperature further hardens it,116 thus fulfilling the requirement (c). The molding 

step can be accomplished through either UV crosslinking, thermal curing, or 

thermomolding. Among them, thermomolding was found most challenging to 

operate, which is selected as an example here. The process of molding through UV 

crosslinking and thermally curing are demonstrated in the supporting information. 

During the molding process, thermoplastics are molded at molten state with slight 

pressure. Because PDMS is gas permeable, thermoplastics can easily fill the mold 

at this condition, and the soft mold can be free of damage. Although the mold is 

hardened during the baking process, it can be easily demolded from the 

thermoplastic products owing to the existing cracks across the closed loops. 
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Figure 2-6. Design of CCAM for true 3D replication. (A) Control of the curing 

dynamic of PDMS by adjusting the curing time and temperature in Phase I and II. 

The dashed line denotes maximum E of PDMS when fully cured at high 

temperature. (B) Schematic illustration of CCAM, which consists of (i-iv) casting 

a soft mold on a master and then (v-viii) molding replicas in the soft mold. In Phase 

I, the semi-cured mold has a low Young’s modulus, and therefore cracks are 

spontaneously created at the locked location of the mold when it is demolded from 

the master during casting step. In Phase II, the soft mold is fully cured, presenting 

a high Young’s modulus, therefore it keeps self-sealing when a viscous fluid is fed 

and then reopens to release the closed loop of the replicas during the molding step. 

The self-sealing/reopening is cycled for mass production of true 3D structures. 
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2.3.2. Mechanism and limitations of CCAM 

We started with the replication of mesh-connected pillar arrays, a 

representative of large-area 3D structures composed of a large array of many closed 

loops (Fig. 2-7A). Closed loop is one of the key features of true 3D structures 

distinct from two-dimensional and quasi 3D structures, and is challenging for 

replica molding. When peeling off from the master, the soft mold occurred a large 

elastic deformation at the locations corresponding to the closed loops. As shown in 

the SEM images (Fig. 2-7A), the master and the replica are intact and are identical 

with each other, while cracks are observed in the mold at where the closed loops 

were. The results proved a rational design of CCAM. 

 

Figure 2-7. SEM images showing the results of replicating a mesh-connected array 

of closed loops.  

To achieve a faithful replication, it is necessary to ensure that cracks form 

solely in the locked areas of the soft mold, and the entire mold is released from the 

master. However, in certain cases, we have found the soft molds stuck in the closed 

loops of the master. Whether the demolding was successful was mainly determined 

by the amount of the mold materials locked in the closed loops. During demolding 

from the master, the deformation accompanies the whole period, while the crack 

formation only takes a certain time span. The demolding from a master with closed 

loops can be presumably divided into two steps: (i) cracks are formed 

homogeneously in the soft mold under the closed loops of the mater structure rather 

than in the openings; (ii) soft mold elastically deforms and is released from the 

master completely. The two steps herein are defined as the two criteria of a 

successful demolding. 
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In addition to experimental investigations, we have also built up a model (Fig. 

2-8, Table 2-1, and Fig. 2-9) and performed finite element analysis using the 

structural mechanics module of COMSOL Multiphysics to help verify the 

hypothesis and reveal the mechanism of the soft molding of closed-loop structures. 

The material properties, geometry parameters, initial conditions, and boundary 

conditions are summarized in Table 2-1 and Fig. 2-8. The microstructure is 

simplified as a 2D contact model. We set two factors, η and φ to describe the 

geometrical character of the master. To explore the criteria for successfully 

demolding the PDMS stamp from the original template, we firstly adjust the neck 

width of the master template (Wneck = 4 μm, 8 μm, 12 μm, and 16 μm) while keeping 

the bottom thickness constant (Hbottom = 10 μm). Noted that, here Wneck corresponds 

to An_min. The displacement ranging from 0 to 15 μm is prescribed at the top 

boundary of PDMS to simulate the peeling off process. The region where the von 

Mises stress exceeds the tensile stress of the PDMS mold indicates the site of 

potential failure. For the PDMS mixed at 5:1 ratio and cured at room temperature 

for 12 h, the tensile stress is measured as ~1 MPa, and the ultimate elongation is 

~250%.  

Table 2-1. Material properties in the simulation 

Materials Parameters 

PDMS in 1st demolding 

Density: 970 kg/m3 

Lame parameter λ: 714 kPa 

Lame parameter μ: 179 kPa 

SU8 

Density: 1200 kg/m3 

Young’s modulus: 4 GPa 

Poisson’s ratio: 0.22 

PDMS in 2nd demolding 

Density: 970 kg/m3 

Lame parameter λ: 4.66 MPa 

Lame parameter μ: 517 kPa 

PFA 

Density: 2150 kg/m3 

Young’s modulus: 650 Mpa 

Poisson’s ratio: 0.4 
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Figure 2-8. (A) Geometry parameters of the simulated model. Initial conditions and 

boundary conditions for PDMS releasing during (B) the first and (C) second 

demolding processes.  

 

As shown in Fig. 2-9, for the original templates with Wneck = 4 μm and Wneck = 

8 μm, η equals to 40% and 80%, respectively, which are both smaller than 100%. 

The von Mises stress mainly concentrates on the neck instead of the bottom area, 

and thus, the neck area of the PDMS mold will break first and the residual part will 

be trapped in the hollow. For the original templates with Wneck = 12 μm and Wneck = 

16 μm, η equals to 120% and 160%, respectively, which are both bigger than 100%, 

and thus, the bottom region breaks first. Meanwhile, 1/φ equals to 166.7% and 

125%, respectively, which are both smaller than the ultimate elongation of 250%. 

Therefore, the PDMS mold can be fully released from the original templates.  

 

Figure 2-9. Simulation results showing the distribution of Vol Mises stress in 

PDMS and SU-8 in the first demolding step. 
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We then adjust the bottom thickness of the original template (Hbottom = 15 μm, 

10 μm, 5 μm, and 2 μm) while keeping the neck length constant (Wneck = 8 μm). As 

shown in Fig. 2-10, decreasing the bottom thickness ensures the initial crack in the 

bottom region. 

 

Figure 2-10. Simulation results showing the distribution of Vol Mises stress in 

PDMS and SU-8 in the first demolding step. 

 

Generally, in two situations the demolding process would fail as the soft mold 

would get stuck: (1) PDMS neck region breaks first before the bottom loop (i.e., η 

< 100%); (2) PDMS is beyond its elongation when pulling out from master (i.e., 

1/φ < ε, the ultimate elongation of the PDMS at break). The above hypothesis was 

supported by the experimental results in Fig. 2-11C, which are consistent with the 

simulation results (Fig. 2-11D and Table S4). Combining the simulation and 

experimental results we have mapped out a phase diagram to demonstrate the 

relationship between the geometry of master and the demolding behavior of soft 

mold (Fig. 2-11E).  
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Figure 2-11. Microscopic view of elastic crack formation in the soft mold during 

the casting step and prediction of successful crack generation. (A) SEM images of 

(left) soft mold being pulling out from the closed loops in the master and (right) 

zoom-in views of soft mold, elastic crack, and closed loops in the master. (B) A 2D 

model used in the simulation of the demolding process of a soft mold (PDMS) from 

an SU-8 master. The blue dash square denotes the numerical model. We set two 

factors, η = An_min / Ab_min and φ = An_min / Ab_max, where An_min is the smallest cross-

sectional area of the neck region, Ab_min is the smallest cross-sectional area of the 

bottom region, and Ab_max is the largest cross-sectional area near the bottom region 

of the closed loop. These two factors determine the chance of successful demolding 

from the master. (C) PDMS soft molds peeled off from the master templates of 

hollow hexagon post arrays with different values of φ and η. For master structures 

with geometric parameters located out of, on the border of, and in the success region, 

demolding of soft mold totally failed, half succeeded, and totally succeeded, 

respectively. (D) Simulation of the von Mises stress distribution in the soft mold 

when peeled off from the master. For given Ab_max and Ab_min, a larger An_min arouses 

both stronger stress distribution and higher local deformation near the neck layer. 

Decreasing the An_min shifts the stress distribution and the deformation to the bottom 

layer. The regions of the soft mold where the von Mises stress exceeds its tensile 
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stress (1 MPa) indicate the sites of potential failure. (E) Diagram showing the 

theoretical/experimental results predicting successful replication using the CCAM.  

 

Table 2-2. Parameters and simulation results for cases iv, v, and vi. 

 An_min Ab_min Ab_max 
η  

(%) 

φ  

(%) 
Results  

Stress 

distribution 

iv 6 4 20 
150

% 
30% 

Failure. PDMS is beyond elastic 

elongation before fully pulled out 

from the mold. 

 

v 12 6 20 
200

% 
60% Success. 

 

vi 8 10 20 40% 80% 

Failure. When displacement is 15 

um, the area reaches 1 MPa near the 

neck region is much bigger than the 

bottom region. So neck region 

breaks first. 
 

 

One interesting aspect is the self-sealing of the cracks in the soft mold, which 

is accomplished after releasing from the closed loops of the master/replicas and 

remains self-sealed during the subsequent thermomolding process. We tested 

various master and product materials and such phenomenon is consistently 

observed, i.e., flawless products were obtained and were identical with the master 

(Fig. 2-12).  
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Figure 2-12. CCAM of post arrays meshed with hexagonal lattice into various 

materials. (A) Optical image showing a large-area master consisting of closed-loop 

arrays prepared by over-exposure. (B) SEM image of the master SU-8 template. (C) 

SEM images of the replicas made of PS, PMMA, PFA, and PEEK. The insets show 

the zoom-in images of the replicas. The scale bars for (B) and (C) are 10 μm. 

 

 The following factors are responsible for this self-sealing phenomenon. First, 

PDMS is elastic and tends to adhere to itself and is not easily wetted by other fluid 

owing to its low surface free energy; second, the PDMS mold is further hardened 

at a high temperature (typically 150 °C) so that it can well maintain the structures 

during thermomolding; third, molten thermoplastics are viscous fluids, preventing 

themselves from getting into the cracks, but they can fully fill up the 3D cavities 

under slight pressure. The thermomolding process is conducted on a customized 

machine resembling hot-embossing (i.e., laminating between two hotplates), but it 

work at conditions similar to that of micro-injection molding (i.e., relatively low 

pressure and high temperatures close to melting points of thermoplastics), which 

enables the third factor. A detailed comparison of the CCAM with hot-embossing 

and injection molding is provided in Table 2-4 in the Discussion section. 

For the thermomolding step, only the second criterion, i.e., the soft mold 

elastically deforms and is pulled out from the master in one piece, needs to be met 

since the cracks already exist and can reopen to release the replica, which makes it 
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possible to mold products with materials that are even softer than the master 

material. We further simulate the second demolding process, where the PDMS 

stamp is released from the daughter structure. A crack in the PDMS stamp is pre-

set in the bottom region of the closed loop. By increasing the neck length, the PDMS 

stamp is more easily to be fully released from the daughter structure, as shown in 

Fig. 2-13B. Based on the simulation results, we conclude that the demolding 

success rate can be improved by increasing η and φ. 

 

Figure 2-13. Microscopic view of self-sealing/reopening of the elastic crack during 

the molding step and simulation of the second demolding process. (A) SEM images 

of (left) soft mold being pulling out from the closed loops in the replica and (right) 

zoom-in views of elastic crack and closed loops in the replica. (B) Simulation of 

the von Mises stress distribution in the soft mold when peeled off from the master. 

The presence of the crack significantly dispersed the stress which had been 

concentrated on the loop in the first demolding step. 

 

As the mechanism of CCAM allows a wide compatibility with product 

materials, it is thus imaginable that the supported structures are still dependent on 

the product material, as the material needs to endure the drag at the suspended 

regions during demolding. To assess this correlation of CCAM, we have designed 
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a set of masters containing beams with different length-to-diameter ratios (Rl/d) and 

tested different product materials (Fig. 2-14A and B). During demolding, when the 

stress applied to the suspended structure exceeds the yield stress of the product 

material, the deformation of the beam replica will go beyond the elastic range, 

resulting in breakage. The observed limit of the supported Rl/d ratio is proportional 

to Young’s modulus of the plastic material, well supporting the above hypothesis 

(Fig. 2-14C). This result can provide essential guidance for the choice of product 

materials when a certain geometry is of concern. 

For a sealed elastic crack with given interfacial area (S = lt), the self-adaptivity 

can be evaluated by the critical force (F) to open this crack. At the yield point, the 

force can be written as F = πσr3/l, where σ is flexural strength of the beam materials. 

The critical force F is found to be linearly proportional to S, indicating a good 

configurability of the elastic crack regarding the self-adaptive sealing/opening. We 

also simulated the process of releasing the beam from the PDMS when a crack is 

preset. The presence of the crack significantly disperses the stress which was 

concentrated in the closed loop of PDMS during the crack formation, making the 

reversible sealing and open possible without damage of the elastic crack. 
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Figure 2-14. Test of the dependence of supported geometry on the strength of 

product material. A set of beams with different length-to-diameter ratios (Rl/d) were 

used as masters to thermomold products with different materials. The height (h) of 

the beams was 15 μm, and the diameter (d) was 5 μm. (A) Geometry for the beam. 

(B) SEM images of beam replicas (Rl/d: 3, 5, 7, 10, 14, and 20) made from materials 

with different Young’s modulus. The black triangles denote the failure points of Rl/d 

for these materials. (C) Relationship between Young’s modulus of product materials 

and the Rl/d ratios of the beam replicas at the failure points. 

2.3.3. CCAM of complicated 3D hierarchical structures 

To demonstrate the performance of CCAM, we designed various complex 

hierarchical microstructures as illustrated in Fig. 2-15, including a beaded probe, a 

helix, an arch, a mesh of post arrays with square lattice, overhanging split-rings, 

and a bull. Constructing and studying these 3D microstructures not only lead us to 

the cognition of new sciences but also bring milestone developments to new 
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technologies. The ability to mass replicate these structures would be central to 

enabling implementations of various technologies, such as ultralow force 

imaging92,93, optical and electromagnetic manipulation88,94–97, switching of 

chirality98, cell-spatial extracellular matrix interaction99–101, and purely magnetic 

resonance102, etc, as shown by the lower images in Fig. 2-15. These structures 

consist of multipronged shapes, e.g., reentrants, thin rods, and closed loops, as well 

as fine beams and/or tips, which are topologically “trapped” or “locked” within the 

elastomeric mold and are hardly released in a soft lithography. Thus, replicating 

multi-pronged-shaped 3D structures with high resolution has to date remained a 

challenge. 

 

Figure 2-15. 3D microstructures reported in previous work, which cannot be 

replicated using existing methods, have been replicated with our current method. 

The first row shows the geometries of various 3D microstructures, including a probe 

with two spheres, a helix, an arch, a multi-beam, a split-ring, and a bull. These 3D 

structures which cannot be fabricated cost-effectively in mass production, are being 

extensively exploited in a wide spectrum of applications as shown in lower rows. 

(1, 2) Scanning probes for ultralow force imaging; (3, 4) Helix photonic crystals for 

circular polarizer; (5) Metamaterials for handedness switching; (6) Magnetic 

resonators for tuning electromagnetic response; (7, 8) 3D bio-scaffolds; (9) Split-

ring resonators for purely magnetic resonance; (10) Microfluidic structure for cell 

pairing and fusion; and (11, 12) Representatives of finest features achieved by 3D 

printing. 
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To obtain these fine and complicated 3D structures, we employed various 

conventional methods, such as optical lithography, soft lithography, and TPA. The 

fabrication methods of the master structures are shown in Figure 2-16. The as-

prepared masters morphologically resemble those microstructures studied in the 

cutting-edge reports. The micro-scale bull is an ultimate model of 3D printed 

structure using advanced 3D prototyping method. 

 

Figure 2-16. SEM images of the master structures fabricated by various methods. 

The probe, the helix, the arch, and the bull were fabricated by TPA. The multi-beam 

was prepared by photo lithography with an over-exposure dose. The hanging ring 

was fabricated by combining the photo lithography and soft lithography methods. 

 

Using CCAM, we successfully replicated these complicated true 3D structures. 

The target material can fully fill up those deep covert 3D structures in the PDMS 

mold because of its porous network at ~1-nm scale. For the probe in (i), an aspect 

ratio (height to width) of 20 was achieved. Such aspect ratio has already surpassed 

most of previous work,119–121 not to mention that two spheres (6 μm in diameter) in 

the middle act as reentrants that greatly hamper the demolding process. The 

hindrance is greater in a helix shape (ii), as the structure would entangle deeply in 

the PDMS mold. The results show that two cycles of helixes can be replicated. To 

understand the lifetime of the soft mold, we have replicated a batch of arches using 

one PDMS mold (iii). The 50th replica is identical with the master template, and 

the lifetime of the soft mold is conservatively estimated to be 50 times. The tiniest 

structures we have tested are the nanobeams and nanogaps on the structures as 

shown in iv and v, with sizes of 280 nm and 80 nm, respectively, which have 

provided some general reference of the fabrication resolution. Finally, the flawless 
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replication of 3D-printed bull (vi) that our team member reported in Nature 2001 

has demonstrated that the CCAM is competent in replicating the ultimately fine and 

complicated 3D structures as prepared by advanced 3D prototyping method88,94. In 

comparative experiments, conventional soft lithography has failed in direct 3D 

replication of any of these structures, resulting in damages in the master structures 

and/or the PDMS molds, as demonstrated by representative replication results from 

the arrays of closed loops (η = 120% and φ = 60%) and an array of pillar with high 

aspect ratio (Fig. 2-17B). These results have proven that CCAM is a superior 

technique for mass production of 3D microstructures with vastly different materials. 

A detailed comparison of 3D prototyping methods, soft-lithographic methods, and 

CCAM are summarized in Table 2-3. 

 

 

Figure 2-17. Replication performance of CCAM. (A) SEM images of various 3D 

structures replicated by CCAM. (B) A comparison, soft lithography failed in 

replication of such structures, resulting in breakage of the master and/or PDMS 

mold during demolding from closed loops (i and ii) and pillars with a high aspect 
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ratio (iii). 
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Table 2-3. Comparison of the CCAM with the 3D prototyping methods and soft-lithographic methods. 

Method Resolution  Fabrication 

style 

Compatible structure Processible material Comments Ref. 

3D printing  

(i.e., MAP) 

40 nm-50 

μm, 

depending 

on the 

mechanism 

Point-by-

point 

scanning 

True 3D structures Photoresists; 

thermoplastics;  

metals; ceramics; etc. 

(Specific to printing style) 

Serial processing; low speed; high cost 122 

Interference 

lithography 

150 nm Interference 

beam 

projection 

Quasi 3D structures 

with certain specific 

geometries only 

Photoresists Serial processing; low speed; high cost; 

complicated process 

123 

X-ray 

lithography 

50 nm X-ray 

projection 

Quasi 3D structures  photoresists Serial processing; low speed; high cost; 

complicated process 

81 

FEB/FIB 

deposition 

80 nm Chemical 

vapor 

deposition 

True 3D structures Metal; SiO2 Serial processing; extremely low speed; 

extremely high cost; complicated process 

82,84 

Colloidal 

assembly 

10 nm Self-assembly 3D arrays of colloidal 

spheres 

Polymers;  

metal compounds 

Wide range of size scale; low cost; 

unintentional defects; difficult to control 

geometrical parameters 

86 

Soft lithography  80 nm Replica 

molding 

Fail in true 3D structure; 

quasi 3D structures 

UV resins; 

thermosets 

Not applicable to true 3D fabrication; parallel 

processing; high speed; low cost 

124 

MA-μTM 2 μm Replica 

molding 

Only 3D structures with 

specially made 

membranes spanning 

the closed loops 

UV resins; 

thermosets 

Requires membranes less than 500-nm thick; 

parallel processing; high speed; low cost 

109 

CCAM  80 nm Replica 

molding 

 True 3D structure Thermoplastics; 

UV resins; 

thermosets 

Direct replication; parallel processing; high 

speed; low cost 
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Finally, to demonstrate how CCAM can be used as a downstream mass 

production method to instantly translate previously reported technologies into real 

implementations, we replicated a 3D microstructure array we published recently110.  

Both natural and artificial liquid diodes utilize parallel fences to confine water 

precursor film, and U-island structures to control the liquid motion direction110,125. 

The U-shaped island consists of a reentrant structure on the inner side and a right-

angle structure on the outer side, presenting different liquid wettability due to the 

different slopes of water pinning edge10. Because of the large local water CAs, the 

reentrant structure constructs a hydrophobic barrier, suspending the primary water 

droplet and resisting it from wetting into the cavity, therefore, the backflow of the 

liquid is constricted. On the other side, the right-angle structure cannot prevent 

water from wetting the vertical side. The bulging up of water droplet leads to a 

hydraulic jump. The primer water droplet thereby coalesces with the precursor film, 

resulting in a preferential water flow (Fig. 2-18A).  

In our previous work, we reported the function of a special 3D microstructure 

in directional water transport, which was expected to have promising applications 

in microfluidics, printing, oil-water separation, water harvesting technologies, 

etc.110,125–128 However, this study only revealed this phenomenon but lacked a 

process to translate it into practical applications, as the structures were fabricated 

on a silicon wafer using standard MEMS technology - a method that is time-

consuming, expensive, and more importantly, hard to apply to other materials. 

Using our CCAM method, we have successfully replicated these 3D 

microstructures with excellent structural fidelity into various thermoplastics, such 

as PS, PP, and FEP (Fig. 2-18B-D). These replicas have demonstrated desirable 

performances in directional liquid transport (Fig. 2-18E), thus demonstrating our 

ability to mass-fabricate such substrates at low cost and with new functions. 
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Figure 2-18. CCAM of functional devices. A batch of flexible and anti-corrosion 

liquid diodes was produced by CCAM from a Si master. (A) Schematic of the 

operation mechanism of liquid diodes. On the left side, the reentrant structure yields 

a large local contact angle, preventing the advancing water edge from coalescing 

with the precursor liquid; on the right side, water readily jumps over the right-angle 

pillar and coalescences with the precursor film. (B) Photographs of the Si diode 

master and the flexible plastic product. (C) SEM images of the Silica diode master. 

(D) SEM image of the plastic product. (E) A cross-sectional view of the reentrant 

structure at the inner wall of the cavity. (F) Time-lapse photographs showing liquid 

spreading upward on a curved diode. Water was fed onto the surface at a rate of 20 

μL/min. 

 

Moreover, the freedom in choosing product material allows tailored 

improvements for performance. For example, Silica liquid diode is incompatible 

with some solvent as alkali, acid, and organic solvents, which still hinders its real 

applications. By using the CCAM, the products in PP and FEP offer better anti-
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corrosion property than a silicon wafer and can be used with highly basic solutions. 

They can be used in the directional transport of 1 M NaOH aqueous solution and 

toluene, respectively (Fig. 2-19). Thus, using dynamic CCAM to transfer the 

topological structure to thermoplastics not only significantly decreases the cost, but 

also makes the diodes functional for a much wider range of liquids. 

 

Figure 2-19. Diodes for directional transports of strong chemical liquids (A) 1 M 

NaOH aqueous solution and (B) toluene on diodes made from PP and FEP materials, 

respectively. Liquids were fed onto the surface at a velocity of 1.5 μL/min. Scale 

bars: 2 mm. 

 

2.4. Discussion 

2.4.1. The merits of PDMS as the material of the soft mold 

The thermosetting character of PDMS enables the essential working 

mechanism of casting intermediate molds. In addition, PDMS soft mold also has 

other properties that make it extremely useful in replication technology. (1) Liquid 

PDMS has good fluidity and can wet master templates well. After polymerization, 

PDMS possesses pores at 1-nm scale, enabling the discharge of gas trapped in the 

covert structures during molding. Therefore, the target materials could fully fill the 

soft mold. (2) Most materials do not stick irreversibly to, or react with, PDMS 

surface, because the abundant side methyl groups endow the soft mold a very low 

surface energy (∼21.6 dyn/cm). (3) The elasticity of PDMS allows convenient 

demolding without damaging either the mold or the master/replica. (4) The PDMS 

elastomer has good thermal stability (up to ~204 °C in air), therefore, can be 



68 

 

repeatedly used for thermal molding of most thermoplastics. For those plastics 

possessing very high melting point (> 204 °C), the PDMS mold can achieve at least 

20 times replication before degradation. (5) The PDMS elastomer is optically 

transparent to light with frequency down to ~300 nm; prepolymers being molded 

with PDMS can also be cured by UV cross-linking. 

 

2.4.2. Comparison of CCAM with other replication methods  

To realize replication of true 3D microstructures, the following challenges 

should be addressed: (1) how to fully fill the mold with the processing material so 

that high-fidelity replicas can be produced; (2) how to avoid replica sticking to the 

mold; (3) how to successfully demold without damaging the replica because of 

getting stuck. Apparently, the commonly used thermal processing strategies fail to 

meet the requirements: e.g., hot embossing has problems in (1) and (3) where a rigid 

mold is used, while it is impractical for conventional injection molding to operate 

at such a small scale. These challenges exist commonly in replication technologies 

such as hot-embossing, micro-injection molding, and imprinting lithography (Table 

2-4). The use of the dynamically cured soft mold in the CCAM addresses the above 

challenges. The nature of PDMS is quite different from those of the materials for 

other replication methods, i.e., Si, glass, Ni, and metals, which are very hard and 

keep invariable modulus. Young’s modulus of PDMS can be dynamically 

controlled 113,114,117,118, therefore, allowing crack generation, elastic deformation, 

and self-seal of the gap in the replication procedure (see more details in Fig. 2-6). 

 

Table 2-4. A comparison of CCAM with other replication methods. 

Methods Materials of 

mold 

Processible 

material 

Temperature Pressure 

Hot embossing Si, Glass, Ni, 

Metal 

Thermoplastic >Tg Pressed, 5-20 

MPa 

Imprint 

lithography 

Si, metal Thermoplastic 

Elastomer 

Thermoset 

>Tg 

RT 

RT 

Pressed, 5-10 

MPa 
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Notes: Tg: glass transition temperature; Tm: melting temperature; RT: room temperature. 

 

2.4.3. Limits of MA-μTM and advantages of CCAM over it 

MA-μTM is a worthwhile progress in the replication technologies for mass 

production of some kinds of 3D microstructures on planar substrates, e.g., those 

with closed loops. The generation of replicas begins with a master that includes thin 

membranes spanning otherwise closed loops. The thickness (t) of the membrane is 

on the order of 500 nm so that it can self-support. PDMS cast on the master is 

separated by the thin membrane and can be peeled off through elastic deformation. 

The PDMS is then compressed to seal the gaps and then used for molding replicas 

(Fig. 2-20A).  

Although the ~500-nm membrane facilitates the demolding and is beneficial 

for the generation of some true 3D structures, the MA-μTM is limited by several 

problems for replication of general planar arranged 3D structures (Fig. 2-20B). (i) 

The thickness of the membrane, on the other hand, restricts the resolution of the as-

prepared structures, because of the closer the size of the structures to that of the 

membrane, the larger the sacrifice in the fidelity of the product at the location of the 

closed loops. Typically, the size of the closed loop has to be four times of the 

membrane, hence the resolution of MA-μTM is ~ 2 μm. (ii) Compressing the PDMS 

mold seals the gap, however, deforms the structures as well. Although this effect 

can be compensated, in theory, by taking the deformation room of the PDMS into 

account when designing the master, such a design makes the requirement of 

fabrication resolution stringent. (iii) The replication of an array of closed loops is 

impossible because the gaps won’t seal homogeneously owing to the accumulation 

of the room in the closed-loop location, and thus, aggravating the deformation. In 

Micro injection 

molding 

Metal Thermoplastic 

Elastomer 

Thermoset 

>Tm 

RT 

RT 

Vacuum, ~1 

MPa 

CCAM PDMS Thermoplastic 

Elastomer 

Thermoset 

>Tm 

RT 

RT 

Pressed, ~0.1 

MPa 

Vacuum, ~1 

MPa 
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addition to the above problems, fabrication of the thin membrane requires an 

extremely high resolution of one 3D fabrication method, and for many non-printing 

methods, generation of such nano-membranes is not even an option. 

 

Figure 2-20. Illustration of MA-μTM and its limits. (A) Thin membranes are 

printed across the closed loops. PDMS is cast on the master and peeled off, and 

compressed to promote self-adhesion of the gaps. The PDMS mold is used for 

molding replicas. (B) Replication of 3D structures by MA-μTM is limited by 

several problems owing to the membrane on the master. (i) The size of the loop has 

to be larger than 2 μm. (ii) The shape of the replicated closed loop is not identical 

with that on the master. (iii) The gaps on the PDMS do not seal homogeneously, 

resulting in different deformation of the closed loops. 

 

2.4.4. Remarkable merits of CCAM 

The advantages of CCAM method include not only replicating true 3D 

hierarchical structures with high resolution and high fidelity but more importantly, 

the cost-effective and mass production that instantly translates previously reported 

technologies for practical adoption. We inspected the repeatability of our method 

by fabricating several replicas using the same soft mold and checked them with 

SEM. The replicas were identical with the original template (Fig. 2-21). Therefore, 

the lifetime of the soft mold was conservatively estimated to be ≥50 times. Multiple 

soft molds (over 50 pieces) can be produced from a single master according to the 
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literatures109. At least 50 replicas can be generated using one soft mold, hence 2500 

replicas are replicated from one master. Also, the replicas can be used as the masters 

of soft molds in turn. The number of final products witnesses an exponential 

amplification (2500n) along with the master-mold-replica fabrication cycles (n).  

 

Figure 2-21. SEM images of the micro arch: (A) the initial template, (B) the first 

replica, (C) the tenth replica, and (D) the fiftieth replica. 

 

Another remarkable merit of CCAM is the freedom of the material choices of 

the as-designed 3D structure, enabling new functions that surpass that of the 

original structures. CCAM is compatible with those typical processible materials 

for replication technologies, including elastomers, thermosets, and thermoplastics. 

The molding step can be achieved through UV curing, thermal curing, and thermal 

molding. In our work, thermal molding was chosen as an example, representing the 

most challenging manner, involving high temperature and pressure simultaneously. 

Owing to the elastic nature of PDMS mold and the requirements of filling materials 

fully to covert 3D structures in it, the pressure for molding must be slight and the 

materials for replica must be at high flowability state. Thermoplastics are molded 

at their molten state (T > Tm), under a pressure of ~0.1 MPa.  
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Herein, the PDMS mold was applied to thermomold plastics with a wide range 

of melting points. The post array meshes with hexagonal lattice shown in Fig. 2-7 

and the beam with high aspect ratio shown in Fig. 2-14 was taken as models. We 

used the PDMS soft mold with cracks to transfer the pattern to different 

thermoplastic materials, e.g., PS, PMMA, PFA, and polyetheretherketone (PEEK), 

et. Al. The materials and their properties are shown in Table 2-5. These tested 

materials cover a wide range of melting points and Young's modulus for almost all 

the thermoplastics as well as the optical adhesives, indicating a broad applicability 

of the current method. Because of the existing cracks across the closed loops, the 

soft molds were easily peeled off from the thermoplastic products, resulting in the 

replicas with closed loops that were identical to the master template.  

 

 

 

 

 

 

 

 

 

Table 2-5. Thermomolding temperature and Young’s modulus for the 

thermoplastics used in this work. 

Plastic materials Abbreviation 
Working 

temperature  

Young's 

modulus  

  (°C) (GPa) 

Polydimethylsiloxane PDMS 204 See Fig. 2-4 

Polystyrene   PS 120 2.6 

Polymethyl methacrylate PMMA 160 2.8 

Polytetrafluoro ethylene PFA 300 0.62 
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Polyetheretherketone PEEK 340 4.02 

Low density polyethylene LDPE 120 0.23 

Linear low-density polyethylene LLDPE 150 0.38 

High-density polyethylene HDPE 180 1.1 

Polypropylene PP 180 1.4 

Acrylonitrile butadiene styrene 

copolymers 
ABS 170 2.3 

Polyethylene terephthalate PET 260 2.4 
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2.5. Summary 

The controllable elastic crack formation and its reversible self-

sealing/reopening happened in the elastomer mold open up new avenues to the true 

3D replication. This has given the birth to our CCAM method, which can directly 

replicate true 3D microstructures in a master, including complex geometries and 

closed loops, into various thermoplastic materials in a rapid, mass producing, and 

low-cost fashions. The key features of the soft mold relied on the precise control of 

the dynamics of polymerization reaction and curing of the soft mold in two discrete 

steps, which are separated by the demolding CCAM process. We believe CCAM 

provides a convenient bridge connecting the upstream advanced micro/nano 

fabrication methods, which are sophisticated and high-cost, and the downstream 

implementations based on cost-efficient industrial materials. 
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Chapter 3. Whole-Teflon Superhydrophobic Coating with Multi-level 

Robustness  

 

 

Brief: The low robustness SH coatings have been the major challenges that cut off 

the implementations of self-cleaning coatings from commercial use. Here, we 

report a strategy for generating robust and durable SH coatings entirely made of 

perfluorinated polymers. The coatings were fabricated by a novel method named 

dynamic soft molding, and were tightly attached to different substrates (i.e., glass, 

fabric, polyimide, and metals) through either direct thermal lamination or adherence 

in a fashion of Teflon-polyimide hybrid SH tape. These SH coatings well kept their 

water repellency after systematic tests against severe mechanical and chemical 

invasions. The demonstrated multilevel robustness suggests the coatings to be 

applicable in real-world implementations. 
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3.1. Background 

The natural superhydrophobicity equipped on the skins of some living beings 

such as lotus leaves, nepenthes pitcher plants, springtails, water striders and cicada, 

etc.52 gives them trumps to survive in the aggressive environment by repelling water 

and keeping clean. The mechanism of such phenomenon lies in the combination of 

surface topography and chemical property (i.e., the skin’s air pockets and low 

surface energy). The research on superhydrophobicity has led to many ways of 

creating biomimetic SH coatings and various fascinating functions comprising anti-

water, anti-icing, anti-corrosion, anti-bacterial, oil-water separation, heat transfer 

improvement, desalination, etc. 2,52,129–134. Unfortunately, the implementations of 

SH coatings are still cut off from commercial use to date due to the low robustness 

and durability of the manmade SH coatings in real-world conditions, which has 

recently been stressed as the major challenge in the field of superhydrophobicity 

research. 28,135 

 Briefly, current strategies for generating SH coatings are categorized into 

direct etching or anodizing target substrates51,136,137, depositing or crystalizing 

chemical substances18,130,138, casting hydrophobic polymers35,36,39,40,139–141, and 

coating with lubricant films43,44,142–146. These methods realized various desired 

structures for theoretical study, but the coatings are too fragile to endure even mild 

mechanical invasions, and/or not inert enough against chemical/photochemical 

attacks. A fundamental reason is that the mechanism of superhydrophobicity 

requires the surface to be fully covered by delicate micro/nano hierarchical 

structures that have very large surface area, where, owing to scaling laws, materials 

become more chemically/mechanically unstable than their bulk form. Recent 

research has made nice progress in improving the robustness of SH coatings, but 

the best records till now still remains at compacting some liquid etchants for limited 

time, which is still weaker than the requirement for an SH coating to survive some 

harsh environment in real-world applications for prolonged period of time, which 

is frequently accompanied by mechanical stress, temperature changes, chemical 

attacks, and photo-degradation28.  
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In this work, we report a novel strategy for generating SH coatings that offers 

unprecedented robustness. This method generates a continuous coating of 

perfluorinated polymers (often referred as Teflon) that can be used as a self-

supporting membrane, or to cover the entire surface of the substrate to protect.  

Teflons are extremely inert, self-lubricating, thermally stable, mechanically robust, 

and anti-sticking, and therefore excellent for making SH coatings. The coating was 

made by a novel method we created, named as dynamic soft molding, which rapidly 

replicates structures from both artificial and biological templates onto the surface 

of Teflon. By simply but firmly laminating such whole-Teflon coating on various 

substrates at high temperatures, we generated reliable SH coatings on fabrics, glass, 

and metals with sufficient bonding strength. Alternatively, we created Teflon-

polyimide hybrid SH tapes to apply to objects that cannot bear high temperature. 

The Teflon SH coatings maintained superhydrophobicity after systematic 

mechanical, thermal, and chemical invasions, as well as photo-degradation and 

prolonged outdoor test, indicating their unprecedented robustness. The proposed 

strategy provides an approach to the practical applications of SH coatings in real 

life.  
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3.2. Materials and experiments 

3.2.1. Fabrication of Teflon SH coatings 

The Teflon SH coatings were fabricated by coating Teflon membranes on 

substrates, and then endowing the membranes with surface patterns using dynamic 

soft molding. To bond with various substrates, Teflon was laminated with the 

substrates at 350 °C for 10 min, and then gradually cooled down to 200 °C, with 

the pressure kept at 0.5 MPa. These substrates, together with Teflon membranes, 

were then brought to dynamic soft molding to increase surface roughness.  

A soft intermediate mold was prepared firstly. PDMS with 8% Fe2O3 was 

poured on master templates (i.e., SU-8 micropillar arrays, lotus leaves, sandpaper, 

etc.), degassed in vacuum, and cured at 60 °C for 30 min. Then the PDMS was 

peeled off and tiled on a quartz glass slide. After that, the PDMS mold was baked 

at 180 °C for 30 min, then 270 °C for 30 min, with gradually increasing temperature 

in between.  

To conduct dynamic soft molding, the Teflon membranes on the substrates 

were applied to the soft intermediate mold, and embossed at 280 °C for 1 min. 

Preheating both the PDMS mold and the Teflon membranes to working temperature 

would be beneficial for a good fidelity. Then the sandwich laminated PDMS mold 

and Teflon coated substrates were gradually cooled down to room temperature. The 

substrates with the Teflon coatings were separated from the soft mold, and the 

Teflon SH coatings were formed on substrates. 

 

3.2.2. Measurements of superhydrophobicity 

Both time-lapse photographs of bouncing water droplets and water CA 

measurements were taken on the Teflon coatings to characterize their 

superhydrophobicity. To take photographs of water droplets bouncing, ~6 μL of 

water was dropped down and impacted on the SH surface. The time-lapse photos 

were captured by a high-speed camera with a frame frequency of 500 fps. To 

measure the water CA, ~3 μL of water was dropped on the surfaces of the SH 

coatings, and backlighted photos were captured. 
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3.2.3. Tests of the bonding strength between Teflon coatings and substrates 

The shear strength of Teflon and substrate plates were measured according to 

a standard method. The substrates were sandwiched between two aluminum plates, 

with the surfaces between them stuck together using Teflon as adhesive. The 

overlapped area (i.e., the bonding area) of two aluminum plates is 25×20 mm2. The 

sandwiched object and Teflon were laminated at 350 °C for 10 min, and then cooled 

down to room temperature. After that, the bonding strength of the samples was 

measured with a tensiometer, where the stress was recorded as a function of 

extension at a speed of 5 mm/min. 

 

3.2.4. Mechanical robustness tests 

Three methods were proposed for testing the mechanical robustness, namely, 

abrasion, buckling, and weight tests. Before each test, the water CAs on the Teflon 

coatings were recorded for references. 

To perform the abrasion test, a weight of 100 g was applied onto the Teflon 

coating, whose patterned surface was set facing down on a 1200-Cw sandpaper. The 

Teflon coating was pushed along a ruler for 20 cm and pushed back to the original 

point. Then the Teflon coating was rotated by 90 ° before the preceding movement 

was repeated. The above procedure was defined as one abrasion cycle and this cycle 

was repeated to test the robustness. To perform buckling test, a homemade 

automatic device was prepared. The glass fabric with Teflon SH coating was loaded 

on the cantilevers, and was buckled and stretched repeatedly along two sides. To 

perform weight test, a 1×1 cm2 flat glass slide was placed on the Teflon coating 

before a weight was put on the glass slide for 5 min. To investigate the limitation of 

the maximum weight that the Teflon coating could tolerate, incrementally increased 

pressure from 50 to 550 KPa was applied on the glass slide.  

After each test, water CAs were recorded. The mechanical robustness of the 

Teflon coatings was examined by comparing the water CAs before and after the 

tests. 
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3.2.5. Chemical robustness tests 

The chemical robustness of the Teflon coatings was tested by exposure to the 

outdoor environment and treatments with strong chemicals. Commercial water-

repelling spray and water-repelling fabric were employed for comparison. The 

samples were placed in outdoor environments for 1 week. Then we applied 

incrementally harsher conditions to all the coatings, including exposure to 254-nm 

UV radiation for 1 day, then UV/O3 environment for 30 s, and finally ultrasonic 

treatment in cyclohexane for 5 min. After that, the Teflon coating was immersed in 

various strong chemicals for 10 min, including organic solvents, acids, alkalis, 

oxidizing reagents, and organic solvents. 37% HCl, 1M NaOH, and 98% H2SO4, 

Piranha solution, ethanol, acetone, chloroform, and toluene were selected to 

perform the tests. The chemical robustness of the Teflon coatings was examined by 

comparing the water CAs before and after the tests. 

 

  



81 

 

3.3. Results 

3.3.1. Strategy of robust Coating  

The problems of the unreliability of SH coatings came from the contradictory 

requirements from the mechanism of superhydrophobicity and from the working 

conditions. The theory of superhydrophobicity suggests an optimum surface 

topography containing delicate micro/nano hierarchical structures, where, owing to 

scaling laws, materials become more chemically/mechanically unstable than their 

bulk form. During outdoor applications, however, the coatings need to endure 

prolonged exposure to a combination of heat, oxidizers, corrosives, UV light, or 

even ozone when at high altitude. This challenge in reliability and robustness wasn’t 

a major issue in the early stage of superhydrophobicity research when various 

fabrication strategies were employed to achieve desired structures for theoretical 

studies.  Towards the aim of practical implementations, in recent years a steady 

improvement in the robustness of SH coatings has been achieved through the 

advances of fabrication strategies. Looking into the trend of development with 

increasing robustness of the coatings, we noticed a gradual increase of using 

fluorinated polymers (Fig. 1-12), which should be attributed to the outstanding 

inertness of the fluorinated polymers. Among all the commercial polymers, a most 

inert group is perfluorinated polymers, often referred to as Teflon. Composed of 

densely packed rod-like molecules74, Teflon have the protection of fluorine atoms 

surrounding the carbon atoms closely, leaving no room for other molecules to 

approach the carbon chain to cause chemical substitution, while common weak 

interactions between molecules are excluded too. Therefore, Teflon hold many 

advantages, such as self-lubricate, anti-stick, anti-crack, thermostable at 

temperatures from -200 to over 250 °C, and extremely inert to almost all chemicals 

and radiations. Learned from the developing trend and the scaling law, it is 

reasonable to consider any non-perfluorinated parts in the coating weak points 

against weathering. As indicated in Fig. 1-12, the most recent strategies employ 

perfluorinated particles to generate the hierarchical structures of SH coating. This 

strategy brings in convenience in covering arbitrary objects, but the glue used to 
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attach the particles remains a weak point. Owing to the inert and anti-stick nature 

of the perfluorinated polymers, it may remain a persistent challenge to firmly bond 

them to surfaces20,49; also, even the glue used is partially fluorinated, it might still 

be damaged during prolonged weathering under heat and UV. Once the glue is 

weakened, the perfluorinated particles will be released to the environment, causing 

persistent pollution as microplastics147–149. In contrast, (smooth) Teflon coatings 

have been broadly used on various types of wares for anti-weathering/wearing and 

proven their outstanding reliability. To this end, we believe an ultimate choice of 

reliable and robust SH coating should be made of a continuous piece of Teflon but 

engineered to have topographical features on top.  

 

3.3.2. Dynamic soft molding of Teflon SH surfaces 

This idea, however, was not easy to realize in the past because the outstanding 

inertness of Teflon materials had been a long-lasting hurdle in affordable 

microfabrication of Teflon. A while ago, we created a method to thermally mold 

Teflon microstructures using polymer templates76. At that time, however, the 

method was still incapable of mass-production because of the very limited lifetime 

of the molds. Recently, we realized long-lifetime polymer molds for high-

temperature molding (Fig. 3-1). We named this upgraded method dynamic soft 

molding (Fig. 3-1A). The overall strategy adopts a setup resembling hot-embossing 

(i.e., laminating between two hotplates) but works at conditions similar with micro-

injection molding (i.e., relatively low pressure and high temperature at melting 

points of thermoplastics). The method consists of two steps: casting a soft mold 

from a master template using a silicone, and then thermo-molding melted polymeric 

materials with the mold. The silicone molds’ porosity facilitates gas discharging 

thus melted polymers can fully fill the convert patterns; the abundant methyl groups 

on the mold surface prevents the molds from adhering to both the master template 

and the products. Both steps in the method are cycled to generate soft intermediate 

molds and the daughter replicas, resulting in a high-throughput and low-cost 

production. A single template can potentially be used to create an almost limitless 
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number of daughter structures. Aside of the photoresist templates prepared by 

standard lithography, our method is also compatible with other types of masters, 

such as the skin of living beings and sandpaper, which were also employed for SH 

surface preparation in our work (Fig. 3-1).  

 

Figure 3-1. Fabrication of SH Teflon surfaces. (A) Scheme of the dynamic soft 

molding, which contains two steps: casting soft intermediate molds from the master 

templates, and then thermo-molding Teflon replicas with the soft molds. The 

dynamic soft molding strategy is compatible with kinds of templates, such as those 

shown in the SEM images of (B) pillar arrays, (C) overhanging pillar arrays, (D) 

hierarchical structures molded from lotus leaves, and (E) microstructures molded 

from sandpaper. Insets are zoom-in images of a single structure. 

 

A model studied in this work was an array of pillars with a diameter of 20 μm 

and height of 60 μm as shown in the scanning electron microscope (SEM) images 
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(Fig. 3-2A). Benefitting from the extremely low surface energy of Teflon, such 

structural design already satisfied the requirement of roughness for 

superhydrophobicity (Fig. 3-2B), and we expected the structure to have good 

mechanical stability. The hysteresis of water CA varied from 31° to 2° with the 

increasing interval of pillars. We inspected the superhydrophobicity of Teflon 

micropillar arrays with different intervals between neighboring pillars by measuring 

both water CAs and CA hysteresis. To measure the water CA, ~3 μL of water was 

dropped on the surfaces of the SH coatings, and backlighted photos were captured. 

All of the arrays were SH (CAs ≥ 150°), while their CA hysteresis decreased as 

the intervals became larger, owing to the reduced solid fraction of the interface (Fig. 

3-2C). 

 

Figure 3-2. Superhydrophobicity of Teflon pillar arrays. (A) SEM images of the 

side view (upper) and top view (lower) of the Teflon SH surface replicated from a 

photoresist template. (B) Water CA measurement on flat (upper) and 

microstructured (lower) Teflon surfaces. (C) Water CAs and CA hysteresis of the 

Teflon micropillar arrays with different gap distance between neighboring pillars. 

The diameter of the pillars was 20 μm. 

 

The engineered Teflon coatings strongly repelled water and kept the protected 

areas from wetting by the water with blue dye. The whole-Teflon SH thin film is 

semi-transparent and self-supportive, thus can be used directly as a self-cleaning 

film. Two sets of time-lapse photography reveal that the impacting water droplets 

can completely detach from both planes and bent SH surfaces (Fig. 3-3). 
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Figure 3-3. (A) Optical images of a Teflon SH membrane (upper) and a Teflon-PI 

SH tape (compared with a bare PI tape) on a glass vial (lower) repelling blue dyed 

water. (B) Time-lapse photographs of water droplets bouncing on the plane (upper) 

and bent (lower) SH surface. Droplet size: ~5 μL. 

 

One concern on the SH pattern composed of micropillar arrays is that the local 

density will change when the surface is bent towards either side. To verify the 

superhydrophobicity of the bent surfaces, we monitored the water droplets 

impacting on the surfaces with different curvature. The curvature is defined as the 

reciprocal of the radius of the circle that fits the side profiles of the bent surfaces. 

To take photographs of water droplets bouncing, ~6 μL of water was dropped down 

and impacted on the SH surface. The time-lapse photos were captured by a high-

speed camera with a frame frequency of 500 fps. Fig. 3-4 presents the time-lapse 

photos of the droplets’ motion of rebounding twice on these surfaces and their final 

states. The droplets rebounded several times before jumping off the surfaces and 

finally reaching stationary at the lowest position, which suggests water-repellence 

remained intact even the Teflon SH surface was bent to different curvatures. 
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Figure 3-4. Representative time-lapse photographs of dyed water droplets 

bouncing on bent Teflon SH surfaces with different curvature. The curvature is the 

reciprocal of the radius of the circle which fits the bent surface, as shown in the 

illustration on the left. Scale bars: 5 mm. Droplet size: ~5 μL. 
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3.3.3. Fabrication of Teflon SH coatings on various substrates 

The next challenge was how to firmly attach the whole-Teflon SH coating onto 

other objects for protection. To adhere to Teflon membranes to other substrates, 

conventional methods employ the mechanism of producing unsaturated 

carbonaceous network on Teflon surfaces by defluorination through physical or 

chemical treatments150. While these methods only offer a weak bonding strength 

and meanwhile are reagent-consuming and environmentally unfriendly. In 

preliminary studies, we tested many adhesives and even modified the Teflon 

surfaces with chemicals or plasma according to literature150, but none of these 

methods provided satisfactory bonding strength, especially for the harsh weathering 

tests. However, we observed that when heated above the melting temperature, as it 

was determined by the differential scanning calorimetry (DSC) in Fig. 3-5, Teflon 

membranes could tightly attach to glass and some metal surfaces.  

 

Figure 3-5. DSC scan of the Teflon samples. The peaks and the dips show the 

melting points and the crystallization points of the samples, respectively. 

 

This finding is coincident with that in the production of nonstick pans75,151 where 

Teflon is thermally bonded to the substrates, we directly laminated Teflon with 

fabrics, polyimide (PI), glass, and metals, respectively, under mild pressures 

(typically 0.5 MPa) at temperatures (typically 350 °C) higher than the melting 
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points of typical Teflon. After cooled down, the Teflon adhered tightly to these 

substrates.  

We adopted shear stress for evaluating the reliability of the adherence of Teflon 

to target substrates. The shear strength of Teflon and substrate plates were measured 

according to a standard method. The substrates were sandwiched between two 

aluminum plates, with the surfaces between them stuck together using Teflon as 

adhesive. The geometric sizes of the samples are denoted in the right with the 

laminated area being 20×25 mm2
, as shown in Fig. 3-6A. The sandwiched object 

and Teflon were laminated at 350 °C for 10 min, and then cooled down to room 

temperature. After that, the bonding strength of the samples was measured with a 

tensiometer, where the stress was recorded as a function of extension at a speed of 

5 mm/min. The as-prepared Teflon coatings on metals provided high bonding shear 

strength up to 5.66 MPa (Fig. 3-6C). 

 

Figure 3-6. Shear stress tests for the reliability of Teflon bonding with substrates. 

(A) Schematic illustration of the tests (left) and geometry of different components 

in the tests (right). (B) Photo image showing a set of sandwiched objects being 
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departed. (C) The relationship between the shear stress and the extension of two 

aluminum plates bonded with these substrates by Teflon. The inset shows the 

configuration of lamination for testing bonding strength. 

 

After the two plates were parted, Teflon residuals were clearly seen on the 

surfaces of both the aluminum plates and the substrates as shown in Fig. 3-7A. To 

investigate the way that Teflon coatings bonded with the substrates, we inspected 

the surface of the substrates after the peeling tests. At the areas where the Teflon 

layer was torn off, continuous layers of nano-sized (Teflon) residuals were found, 

as they are shown in the SEM (Fig. 3-7B). Owing to the rough Teflon debris, the 

surfaces of all these substrates became hydrophobic, or even SH. 

 

Figure 3-7. (A) Photographs of the substrates (from left to right: glass fabric, 

polyimide, glass, and aluminum) after the bonding strength tests. The samples 

remained attached to the underneath aluminum plates through Teflon, and Teflon 

residuals were observed on their surfaces. (B) SEM images of the substrates. The 

left-column images show the bare substrates and the right-column images show the 
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substrates after Teflon was attached and peeled off. Insets show 3-μL water droplets 

contacting with these substrates. Scale bars: 2 μm. 

 

Such surfaces of the substrates showed the same X-ray photoelectron 

spectroscopy (XPS) spectrum as Teflon (Fig. 3-8), suggesting that the bonding was 

so strong that the fractures took place in the bulk of Teflon other than the interfaces 

between Teflon and substrates. These residual coatings kept intact after they were 

put in temperature cycles from 20 to 200 °C for 20 times and ultrasonically treated 

for 10 minutes, further confirming that the Teflon SH coatings bonded with these 

substrates through strong covalent bonds. Although the details of the bonding 

mechanism are not available from DuPont, literature shows that the hydrocarbon-

type carbon is formed through defluorinating fluoropolymers when contacting with 

oxides on the surfaces of the substrates152,153 at elevated temperatures.  

 

Figure 3-8. XPS spectra of a Teflon surface and the substrate (glass, fabric, 

polyimide, and aluminum) surfaces after the Teflon bonding layers were broken. 

 

Through the abovementioned exploration, we established the final technology 

for fabricating Teflon SH coatings on various substrates, as illustrated in Fig. 3-9A. 

First, the substrate and Teflon powder (raw materials from Dupont) were laminated 

at 350 °C and 0.5 MPa for 10 min to form a tight bonding layer at the interface. 

Then, the Teflon coating was thermo-molded with a soft mold for 1 min to obtain 
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structures on the surface. For illustration, aluminum plates with bare surface, Teflon 

coating, and Teflon SH coating are shown in Fig. 3-9 B-D, respectively. 

This technology firmly adhered the Teflon coatings to various substrates, but 

still some limitations exist. It is impractical to attach the Teflon layer to objects (i) 

made from materials that cannot sustain high temperature, or (ii) with complex 

surfaces that cannot be patterned with planar molds. An alternative approach is the 

fabrication of Teflon SH tape. From both our experiments and the literature 

reports154,155, we found that Teflon coatings could be tightly bonded with PI. 

Inspired by this, we developed a Teflon-PI double-layer tape. Teflon was rendered 

to be SH surface. PI provides not only an adhesive surface for easily attaching to 

the target substrate but also a supporting belt for further enhancing the mechanical 

strength.  In fact, the Teflon-PI laminates are already available from several 

suppliers. Actually, both Teflon-PI laminates75 and thermal-resistant PI adhesive 

tapes are commercially available and proven to be highly reliable in real working 

conditions. By combining our fabrication technique with that for PI tapes, we 

fabricated Teflon-PI laminates into SH tapes (Fig. 3-9 E-G).  
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Figure 3-9. Two strategies for fabricating Teflon SH coatings. (A) Scheme of the 

fabrication technology. Examples of the two fabrication approaches: (B) bare 

aluminum plate, (C) aluminum plate bonded with Teflon, (D) aluminum plate with 

Teflon SH coating. The diameter of the aluminum plate is 5 cm. (E) bare PI 

membrane, (F) PI membrane bonded with Teflon, (G) Teflon-PI SH tape that 

adhered to a glass vial. The size of the PI membrane is 5×1.5 cm2. 

 

These two strategies, namely direct lamination and tape fabrication make our 

bonding scheme versatile for different types of substrate materials and surface 

profiles. Some representatives are provided in (Fig. 3-10). 

 

Figure 3-10. Optical images of glass, fabric, polyimide, and aluminum substrates 
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with Teflon SH coatings. 

 

3.3.4. Mechanical robustness tests 

The poor mechanical robustness has been a long-lasting problem of SH 

coatings and has recently been stressed as the key challenge in the applications of 

SH technology20,28,49,135 Since the structures of SH coatings are usually in micro and 

nano scales, they are extremely fragile against mechanical invasions. To identify 

the mechanical robustness of SH materials, a variety of methods have been 

proposed, including impinging by sand grains18, laundering, and water jetting77. A 

linear abrasion test has recently been proposed as the standard method because it 

(1) is relevant to most applications; (2) is reproducible; and (3) produces a 

uniformly abraded surface large enough for wetting characterization28,78. In 

addition to the abrasion test, we also designed a buckling test (when the product is 

a thin membrane) and a vertical pressure test to evaluate the mechanical robustness 

of the product in a more comprehensive way using water CA as an indicator. 

Firstly, the coating well maintained superhydrophobicity after 160 cycles 

abrasion test (Fig. 3-11A) according to a commonly accepted protocol28, for which 

previous reports failed only after tens of cycles20,49. Secondly, both a pure-Teflon 

SH membrane and a Teflon-glass fiber hybrid membrane nicely maintained 

superhydrophobicity after a buckling test containing 100 thousand times along each 

side (Fig. 3-11B). Thirdly, the Teflon coating showed excellent robustness against 

vertical pressure up to 500 KPa for a 5-min duration; the 500-KPa pressure is ~10 

times of the ground pressure of an adult (Fig. 3-11C). These results, again, 

demonstrated the unprecedented mechanical robustness of the whole-Teflon SH 

coating (Fig. 3-11D). After the buckling and weight tests, no deformation of 

microstructures was observed in our Teflon samples due to the anti-crack nature of 

the material. 
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Figure 3-11. Mechanical robustness. (A) Abrasion test repeatedly with sandpaper 

under a weight of 100 g. (Aa) One cycle of the sandpaper abrasion test. (Ab) A thin 

layer of the tops of the pillars was frayed after the test. (B) Buckling test. (Ba) The 

homemade device for buckling the Teflon coating on the glass fabric. A Hong Kong 

coin served as a dimensional reference. The Teflon coating was buckled (Bb) and 

stretched (Bc) repeatedly. (C) Weight was applied on the 1-cm2 Teflon surface. (D) 

Evolution of water CA on Teflon SH surface during mechanical invasion tests. 

Insets are geometry showing the tests. The black and red arrows indicate the applied 

force and the motion of the coatings, respectively.  
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In the abrasion test, the pillars could endure repeated abrasions. Though thin 

Teflon layers were lost during the abrasions, the superhydrophobicity of the 

surfaces remained intact. The decrease in density of pillars did not change the final 

outcomes. Further over-abrasion (with a much stronger force) created a random 

surface that was still SH (Fig. 3-12), as reported in literature42.   

 

Figure 3-12. SEM images of the pillar arrays during abrasion tests. (A) A thin 

Teflon layer was frayed off the tops of the pillars. (B) The pillars were finally 

abraded away. (C) Over-abrasion broke down the pillar arrays, but in the meantime, 

created a random surface that was also SH. 

 

A comparison of the mechanical robustness between the SH coatings made of 

Teflon and PP was performed by buckling test where they were laminated with glass 

fabric. PP is a typical inert polymer that is commercially available. The thickness 

of the samples was 0.2 μm. The Teflon coating survived the whole test, while the 

PP coating was broken only after being buckled towards one side for ~3000 times. 

The contact angles at the broken area were less than 130° (Fig. 3-13).  

 

Figure 3-13. Comparison of the robustness between the PP and PFA SH coatings. 

(A) Optical images of the PP coating (upper) and Teflon coating (lower) after 

buckling tests. The PP coating was broken, while the Teflon coating remained intact. 



96 

 

(B) SEM image of the broken PP coating. (C) Water CAs of the two coatings during 

tests. 

 

The performance of the Teflon SH coatings is determined depending on the 

spatial density of the pillars. Fig. 3-14 shows the maximum pressure that could be 

withstood by the surfaces with different pillar intervals. The robustness of the 

Teflon coating was also demonstrated during a weight test, where the Teflon 

coatings on glass slides were still SH after an adult stepped on them for 1 min. The 

water CA’s evolution with the increasing weight on the representative structures is 

500 KPa. 

 

Figure 3-14. The relationship between the maximum pressure that the Teflon pillar 

arrays can withstand and the intervals between two neighboring pillars. 

 

3.3.5. Chemical robustness tests 

As mentioned before, stability against weathering has been a major challenge 

for SH coatings due to their rough nature. The surface energy would gradually 

increase once the coating faces a period of chemical attack, irradiation, thermal 

disturbance, etc. Based on the consideration, we firstly performed an outdoor test 

of the Teflon SH surface for 1 week (rainy for 4 days and sunny for 3 days; 

temperature ranged from 30 to 35 °C). Our Teflon coating remained intact while the 

other samples lost their superhydrophobicity. After that, we put the coatings into 
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incrementally harsher conditions, including exposure to 254-nm UV radiation for 1 

day, placement in air plasma for 10 min, and ultrasonic treatment in cyclohexane 

for 5 min. Two commercial products turned hydrophilic stepwise, while the Teflon 

coating in our current work remained SH (Fig. 3-15).  

 

Figure 3-15. Chemical stability of the Teflon SH surface. Two kinds of commercial 

water-repelling products, fabric, and spray, were also tested as comparisons. (A) 

Changes in the water CA of these products during a series of exposure in 

incrementally harsh environments, as listed in the table in the right. (B) Comparison 

of chemical stability between the Teflon SH surface and other products. The 

samples were mounted on a glass slide. The blue dyed water was dropped on the 

left side of the glass, and flowed over the spray surface (white), the Teflon SH 

surface (transparent), and the fabric (black) sequentially. Note the water movement 

and the staining of the two regions. An enlarged image in yellow rectangle 

highlights the stain on the black fabric. Scale bars: 1 cm.  

 

An XPS scanning was performed to check the surface of the Teflon SH 

coatings, and the spectra before and after the tests were almost the same with each 
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other (Fig. 3-16), demonstrating a good chemical stability of the Teflon SH coating 

over those commercial products. 

 

Figure 3-16. XPS spectra of the Teflon coating before and after all the chemical 

treatments. 

 

After that, The Teflon SH coating was immersed the Teflon SH surface in 

strong solvents, acids, alkalis, and oxidation reagents, each for 1 day. 37% HCl, 1M 

NaOH, and 98% H2SO4, Piranha solution, ethanol, acetone, chloroform, and 

toluene were selected to perform the tests. The Teflon coating kept SH (Fig. 3-17), 

thus indicating a good chemical stability which enables the SH coating functions 

where harsh chemical corrosion involved.  
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Figure 3-17. Water CAs of Teflon SH coatings before and after they were treated 

with different highly-reactive chemicals and strong solvents. 

 

Our Teflon SH coating was also developed with thermal stability in mind. To 

investigate the thermal limitations of the Teflon SH surface, we heated the samples 

at 200 °C for one day, the commercial products degraded, while the Teflon SH 

surface is superhydrophobic. After heating at 250 °C for one day, the Teflon SH 

surface was still intact (Fig. 3-18).  

 

Figure 3-18. Thermal stability test of the Teflon SH coating. Two commercial 

products, water-repelling fabric and spray coated a glass slide were used for 

comparison. The Teflon SH coating maintained SH while the commercial products 

changed to hydrophobic in one day. (A) Image showing the water contact behaviors 

with the samples after thermal treatments. (B) Water CAs of these sample before 

and after treatments. 
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Finally, a comparison in the aging resistance of the Teflon coating with other 

commercial products was conducted. Every product in use degrades in the course 

of time by weathering. The durability of one the SH coatings should be good enough 

to ensure an acceptable lifetime, after which the superhydrophobicity decreases and 

thereby the functions disappear. Reliable information about the durability for the 

expected lifetime of a product can only be obtained after the real use. However, this 

requires a very long period thus a suitable accelerated aging test taking specific in-

use conditions into account are needed. For an SH coating, we selected conditions 

that could decrease the surface free energy of the materials and tested the 

performance of the SH coatings in a 254-nm UV radiation at 70 °C. A comparison 

of the superhydrophobicity of the commercial products and the Teflon SH surface 

were presented in Fig. 3-19. The commercial products degraded after ~6 h, while 

the Teflon SH surface maintained SH for two weeks. 

 

Figure 3-19. Comparison of aging resistance between the Teflon SH surface and 

other products. (A) Evolution of water CAs of the samples during the aging tests. 

(B) Image of the samples dipped in water with blue dye after the aging tests. The 

samples were mounted on an aluminum plate. The right side of the samples were 

heated at 70 °C and treated with UV radiation. The left side of the products were 

kept at 25°C and shield with PI tape. 

 

 

3.4. Discussion 
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3.4.1. Evaluation of the stability/robustness of SH coatings made with 

conventional strategies 

To demonstrate the stability/robustness of our SH Teflon product, we 

fabricated SH coatings by the four commonly used strategies, i.e., direct etching or 

anodizing target substrates, depositing or crystalizing chemical substances, coating 

with lubricant film, and casting hydrophobic polymers, and compared the 

performance of these coatings. However, none of the strategies provided acceptable 

robustness, which has been a long-lasting problem hindering the implementation of 

SH coatings28. The products’ poor performance against mechanical and/or chemical 

invasions are illustrated in Fig. 3-20. The SH surface on copper was fabricated by 

etching with 65 mM ammonia water solution at 60 °C for 20 h, and then silanization 

through immersion in a 1 mM hexane solution of trichloro(1H,1H,2H,2H-

perfluorooctyl)silane for 1 h. The SH fabric was prepared by coating with a 

commercial water-repellent spray, and then volatilizing the solvent in the air for 30 

min. Both the SH copper and the SH fabric only endured several cycles of abrasion 

by 1200-Cw sandpaper (Matador, Germany). The slippery SH coating was created 

by immersing a silanized nanostructured CuO surface in perfluorinated oil. The 

CuO nanostructure was grown in a bath of NaClO2, NaOH, Na3PO4, and DI water 

(3.75:5:4.25:100 wt%) for 30 min at 95 °C and then silanized in order to anchor the 

perfluorinated oil. The shortcomings of this method are that the oil will not be 

anchored once the silanization monolayer is broken, and the anchored oil volatilizes 

in a short time. Some intrinsically hydrophobic polymers with high surface polarity 

are alternative materials for SH coatings because they can be easily shaped into 

micro/nano structures and allow the precise control of the surface chemistry and 

repellency of certain materials35,36,39,40,139,140. These polymers are readily cast into 

SH surfaces, e.g., polypropylene SH coatings prepared by dynamic soft molding, 

but suffer from chemical and thermal instability.  
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Figure 3-20. Reliability/robustness tests of SH coatings fabricated using 

conventional strategies. The columns from left to right show the schemes of the 

strategies, the SEM images of representative products, and the behaviors of water 

contacting the products before and after the robustness tests. The scale bars in the 

last two columns are 1 cm. Method 1 is direct etching/anodizing substrates. The 

sample was a silanized CuO micro/nano-structured membrane on a copper plate. 

Method 2 is depositing/crystalizing chemical substances. The sample was a fabric 

that was spray-coated with water-repelling substance. The two samples only 

endured several cycles of abrasion before the loss of superhydrophobicity. Method 

3 is coating with lubricant film. The sample was a textured, silanized CuO surface 

coated with perfluorinated oil. The oil was readily lost by either volatilization or 

detachment when the silane groups or molecules are lost from the surface. Method 

4 is casting hydrophobic polymers. The sample was polypropylene micropillar 

arrays fabricated by dynamic soft molding. As shown in the results, conventional 

polymeric SH coatings cannot survive from UV radiation. 
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SH coatings are supposed to function on surfaces of aircraft, transportations, 

and constructions for harvest wind/ photovoltaic energy, where the coatings face 

severe and long-lasting irradiation and even O3. These invasions decompose the 

adhesives and thereby destroy the superhydrophobicity of the coatings. As a 

demonstration, the aluminum plate with SH coatings was partially applied to 

UV/O3 treatment and then was ultrasonically washed in a water bath (Fig. 3-21). 

The nanocomposite SH coating was fabricated by incorporating PTFE 

nanoparticles into fluorinated resin adhesive. Briefly, 1 g PTFE nanoparticles, 1 g 

resin adhesive (Scotch-Wel PR1500, 3M company) were added to 20 mL ethanol 

solution and stirred vigorously for 1 min. The mixture was directly applied onto an 

aluminum plate and solidified. Then the exposed resin was treated with air plasma 

and fluorinated by immersion in a 65-mM triethoxy-1H,1H,2H,2H-tridecafluoro-n-

octylsilane in 2-Propanol solution. After ~20 min treatments, the coating began to 

lose its superhydrophobicity, and turned into hydrophobic finally, owing to the loss 

of both the PTFE nanoparticles and fluorinate group on the resin. After each 

ultrasonication, white PTFE nanoparticles were found to float on the water surface. 

Such phenomenon demonstrated that the nanocomposites went on falling away 

during the treatments. While the top layer of the coating served as a sacrifice 

stratum. Therefore, in the former 15 min, no decrease in the water CA was observed. 

Our Teflon coating survives from the UV/O3 attack and maintained the 

superhydrophobicity, and the structures on the surface were intact. 
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Figure 3-21. Durability tests of the nanocomposite coating and the Teflon SH 

coating on aluminum plates against UV/O3 invasion. Along with the loss of both 

the fluorinated group and the PTFE nanoparticles (A), the area of the coating 

exposed to UV/O3 gradually turned from superhydrophobic into hydrophobic (B). 

The Teflon coating kept superhydrophobic. 

 

3.4.2. Improvement in the thermal stability of the intermediate mold 

There is a major paradox when we select Teflon as the material for SH coating. 

On one hand, the high inertness and stability of Teflon are preferred for the 

applications in SH coatings. On the other hand, such properties bring about a 

decades-long challenge for the effective and affordable micro/nano fabrication of 

Teflon, especially for generating micro/nano hierarchical structures, re-entrant 

structures, and more complicated structures with closed loops that are essential to 

superhydrophobicity and other functions. Here, we employ a novel method, namely, 

dynamic soft molding, to process inert polymers and fabricate them into 3D 

structures. The overall strategy adopts a setup resembling hot-embossing 

(lamination at elevated temperature) but work at conditions similar with micro-

injection molding (relatively low pressure and high temperature at the melting point 

of thermoplastics). We employ an air-permeable elastic polymer, PDMS, as the 

material for intermediate molds and replicate structures at very high temperature 

(up to 350 °C) with slight pressure. The method consists of two steps, including 

casting soft intermediate molds from master templates, and then molding inert 

polymers with the intermediate molds. 



105 

 

Briefly, well-mixed PDMS was poured on the master template (i.e., photoresist 

micropillar arrays, lotus leaves, sandpaper, etc.), degassed in vacuum, and cured at 

60 °C for 30 min. Then the PDMS was peeled off and tiled on a quartz glass slide. 

After that, the PDMS mold was pretreated by baking at a stepwise increasing 

temperature, 180 °C for 30 min, and then 270 °C for 30 min, with gradually 

increasing temperature in between. To conduct dynamic soft molding with the soft 

intermediate mold, a Teflon membrane, together with a substrate, was put on the 

mold, and thermo-molded at 280 °C for 1 min. Then the sandwich of the laminated 

PDMS mold, Teflon, and substrate was gradually cooled down to room temperature. 

After the substrate, together with the Teflon, was separated from the soft mold, a 

Teflon SH surface was formed. 

 

Although the pretreatment enables the PDMS intermediate mold to work at a 

temperature up to 350 °C76, the long-term thermostability of PDMS was still 

unsatisfactory. PDMS will release gas when oxidized at high temperature, causing 

defects in the pattern, and will crack easily when cooled down to room temperature 

(Fig. 3-22). These shortcomings significantly prevent the method from mass 

production. The most important molecular reactions that account for the 

phenomenon are the scission of Si-O and Si-C bonds through, first, a depolarization 

chain reaction, leading to cyclic oligomer formation, and second, a chain 

termination, leading to methane formation. Also, the huge temperature change 

during the replica cooling is responsible for the crack of PDMS. In the present case, 

we amended the formula of the intermediate mold by adding 6 wt% Fe2O3 

nanoparticles (30 nm) in PDMS156. After baking at 300 °C for 2 days and cooling 

down, the modified template kept intact, while the control sample made from pure 

PDMS was easily embrittled and self-fractured after only 1-h baking (Fig. 3-22A). 

Thermogravimetric analysis (Fig. 3-22B) shows that the weight of the PDMS 

impregnated with Fe2O3 was stable during the 10-h baking process at 300 °C. In 

contrast, the non-impregnated PDMS shows a continuous decrease in mass. These 

results show that iron oxide protects PDMS from heating damage. It has been 
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studied that when the PDMS is over-heated, volatile oligomers will be formed and 

lost, which decreases the content of flexible chains in PDMS, and leads to material 

cracking. The mechanism behind the protection is that the iron oxide will prevent 

PDMS from the formation of oligomers by binding oxide’s surface hydroxyl groups 

with the silanol groups formed in heated PDMS. Also, these iron oxide 

nanoparticles serve as soft crosslinks that maintain the flexibility of PDMS during 

baking at elevated temperature156.  

 

Figure 3-22. Improvement in the intermediate mold compared to what we reported 

in PNAS 2011, 8162. (A) Images show two PDMS templates after the baking 

process at 300 °C. The PDMS with 6% Fe2O3 was intact after it was baked for 48 h 

(upper image), while the PDMS template cracked quickly when cooled down after 

only 1-h baking (lower image). (B) TGA analysis of templates made from PDMS 

and PDMS with 6 wt% Fe2O3. 
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3.5. Summary 

In summary, we developed superbly and multi-level robust SH coatings by 

dynamic soft molding Teflon materials. The SH surfaces can be applied to objects 

either by direct lamination at high temperature or as Teflon-PI bilayer SH tape. The 

coating, composed of a continuous piece of micro/nano-structured Teflon, could 

endure severe mechanical and chemical invasions, as well as photo-radiation. The 

SH Teflon coatings can be readily implemented as in three kinds of products, that 

is, a self-supportive and semi-transparent membrane, SH coatings on diverse 

substrates, and composite Teflon-PI tape, and therefore, improve the quality of 

human life and upgrade the manufacturing technologies where SH surfaces are 

expected to be useful. 
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Chapter 4. Roll-to-roll printing arbitrary plastics into SH coatings 

 

 

Brief: Dynamic soft molding method paves a road to generate SH surface using 

inert plastics for real-world functional applications. However, a cost-competitive 

and a continuous process, which inherits the ability of dynamic soft molding, to 

translate the lab-scale fabrication to a large-scale production process is still a 

challenge. To achieve this, an R2R process which can transmit molten polymer film 

and preserve the molded micro/nano structures is highly desired. This work presents 

a novel R2R process which employs a modulus consisting of a pair of soft belts, 

whose surfaces were micro/nano-engineered, for molding and preserving the plastic 

film. The pattern on the surfaces of the mold belts was cast from various large-area 

masters with 3D micro/nano structures and can be used for printing various SH 

plastic films when integrated on the R2R machine consecutively. The SH films 

possessed high mechanical robustness against standard abrasion tests but were 

various in the chemical durability in the aging tests according to their inherent 

chemical stabilities. The demonstrated feasibility of the R2R production method 

paves the road for the plastic SH films to industrial production. 
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4.1. Background 

Bioinspired SH materials possess many fascinate functions, such as self-

cleaning, anti-biofouling, anti-icing, anti-corrosion, anti-reflection, and anti-

fogging, therefore provide fresh leads in the quest for upgrading technology 

spanning a broad range of fields, including protective coatings/textiles, biomedical 

devices and sensors, recycle and renewable energy, microfluidic devices, catalysis, 

etc.2,3,52,65,157 Recent decades have seen persevering efforts to generate SH surfaces 

by controlling the chemical composition (surface energy) and topography (surface 

roughness) of the surfaces but none of them satisfy real implementation, which 

requires not only the robustness of an SH coating28,158 but also a mass-production 

technology158. This, unfortunately, cannot be realized by the conventional methods 

developed in recent decades, i.e., deposition or crystallization 

nanoparticles47,129,130,134,139, direct etch of substrate10,15,16,51,133, infusion of lubricant 

oil film43,44,46,142,159,160, and cast hydrophobic polymer35,40,141,161,162. For example, 

one research stream most close-to-life is to apply nanoparticles or building blocks 

either by dip-coating or spray-coating, enjoying the reputations of feasibility and 

versatility. However, there are many challenges must be settle down. First, the 

coatings consisting of inorganic nanoparticles such as TiO2
20, silica18, and rare-earth 

oxides47,48, etc, are chemically instable, therefore readily lose superhydrophobicity; 

exposure of base particles or substrates at lower layer will decrease the surface 

energy of the coating. Second, using inert polymer-based nanoparticles49,163 

increase the chemical reliability, while using those conventional adhesives not only 

offers very poor adherent strength between them and substrates, but generates weak 

points against weathering. Third, the easy degradation/loss of the SH coatings leads 

to not only the failures of SH coating, but more important, the releasing of 

polymeric micro/nano particles, causing persistent organic pollute (i.e., micro 

plastics)147,148 to the environment. Finally, dip-coating and spray-coating have been 

explored for SH surface as scalable coating methods in both lab and industry. Even 

so, we found it was impractical for use in the production of SH coating due to large 

material loss, huge organic solvents consumption, and low application amount that 
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is insufficient for creating sacrifice layers resisting mechanical abrasion. A strategy 

that can address all these issues simultaneously, i.e., poor mechanical/chemical 

robustness and adherent strength of the coating, low scale and throughput of the 

fabrication techniques, and environmental pollution, is still a challenge. 

In Chapter 3, we have developed a new method, named as dynamic soft 

molding, to controllably microfabricate inert thermoplastics into a continuous piece 

of SH surfaces, without material loss and use of any solvent, therefore it paved a 

potential road to the implementation of SH film. However, owing to its inherent 

plate-to-plate (P2P) configuration, lamination between two hot plates, the produce 

of SH surface is still limited to small scale164,165 and large thickness. Moreover, 

products formed by this method endures enlarged effect of thermal expansion and 

contraction in expanded plastics. The next challenge in the implementation of SH 

film will be developing a cost-competitive and a continuous process to translate the 

lab-scale fabrication to a large-scale production process. Aiming for this, we notice 

a classical technique for large-scale fabrication – R2R processing. The R2R process 

is drawing increasing attention in mass production of micro/nano-engineered films 

for many functional applications166–171. In a typical R2R process, a set of rollers are 

employed to transmit polymer web to the stamp and transfer the stamp features onto 

the polymer, allowing the circular use of the stamp and continuous generation of 

patterned film. To fabricate SH surfaces (i.e., 3D hierarchical structures or high-

aspect-ratio pillar arrays), the R2R technology presented in this work must inherit 

the ability of dynamic soft molding method, where a soft mold is used to transfer 

the designed structures and the thermoplastics are molded at molten state with slight 

pressure. While in the conventional R2R hot-embossing processes, rigid and 

airtight metal rollers constructed with surface topography are commonly employed, 

and the thermoplastics are processed at softening state (below the melting point) 

and under high pressure (up to several GPa). The design principle of our R2R 

thermomolding process is very different from the conventional ones, therefore 

leading to the key challenges, how to transmit molten polymer film while 

preserving the molded micro/nano structures in a continuous R2R thermomolding 
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process under these conditions. 

In this work, we introduce a proof-of-concept strategy for the mass production 

of SH films with various thermoplastics. To address the above-mentioned challenge, 

we design a module consisting of a pair of belts: one is mold belt cast with features 

from the initial master with various 3D structures; the other is a flat belt for 

supporting the film transmission. The inert plastic film will be printed by 

consecutively transmitting it through the soft molding belts, where the preserved 

plastic is melted, molded, and then cooled. By molding various microstructures 

using diverse common plastics, we demonstrate the feasibility of the R2R 

thermomolding method. The as-prepared SH film well kept the water repellency 

after a severe standard test for robustness. The demonstrated feasibility of the R2R 

process suggests their practical implementations. 

 

  



112 

 

4.2. Experimental Section 

4.2.1. Fabrication of soft mold belt 

4.2.1.1. Fabrication of master template 

Initial micro/nano-structured masters were generated by two methods, 

crystallizing polymers and optical lithography. For the first method, The PP and 

LDPE were dissolved in p-xylene at 100 °C, and then directly cast on an aluminum 

plate. The plate with transparent solutions was immediately placed in a vacuum for 

evaporation of the p-xylene. After it became white, the plate was heated at 80 °C to 

allow the p-xylene volatilizing clearly. To fabricate masters with different 

topologies, we kept the total concentration of the polymer fixed at 50 mg/mL, and 

adjusted the ratio of PP/LDPE from 9 to 2, to form different crystals. The micro 

pillar arrays were fabricated with SU-8 photoresist using standard photo lithography, 

as it is described in the official guide. 

 

4.2.1.2. Fabrication of soft belt 

We used another kind of dynamic soft molding method to imprint the 

structures from the master template. Firstly, the well-mixed PDMS precursor was 

coated on a glass slide, and heated at 60 °C for 10 min to allow it partially cured. 

The viscoelastic PDMS was then pressed on the master structures with a slight 

pressure, and then cured at 60 °C for 30 min. These steps, we called imprinting, 

ensure that the PDMS elastomer only wet the structures on the top layer. After that, 

the PDMS was carefully peeled off and cut into rectangle plates. To make a 

defectless belt, the two ends of the mold were connected by adding sufficient 

uncured PDMS between the ends, and under a plastic replica thermo-molded from 

the mold so that the joining point would have the same concave structures with the 

other areas of the belt. After the connection location solidified, the belt was baked 

at 150 °C for 30 min to allow it fully cured. 

 

 

4.2.2. R2R fabrication of plastic SH films 
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4.2.2.1. R2R thermomolding process 

The soft belts (one mold belt and one flat belt, or two mold belt) were installed 

onto two sets of rollers. The former set was heating rollers, and the later set was 

cooling rollers. Before printing, the temperature of the heating rollers was warming 

up to the melting point of the corresponding plastic. The flat film was carefully fed 

into the soft belt module, in which it was molten, molded, cooled down sequentially, 

and finally, it was transmitted out, formed an SH film. The products’ surface 

morphology was examined by SEM. 

 

4.2.2.2. Measurements of superhydrophobicity 

The superhydrophobicity of the surfaces was featured by water CAs and CA 

hysteresis. The average values and errors of these angles were estimated from 

backlight photos of water droplets (3 µL) being placed/moved on three different 

locations of an SH surface. To obtain the hysteresis of water CA, the photo of water 

droplet was taken when the sample was moving horizontally and transverse to the 

light path. 

 

4.2.2.3. Evaluation of the lifetime of the soft mold belt 

The lifetime of the soft mold belt was estimated by checking its printing 

performance after multiple printing cycles. Once the soft belt was broken, the 

printed product will not SH anymore. Water CAs and hysteresis of contact angles 

of the as-prepared film after every cycle were measured and was compared with its 

initial value to determine whether the mold was getting broken.  

 

4.2.3. Robustness test 

4.2.3.1. Mechanical robustness 

An SH film with an area of 2 x 2 cm2 adhered to a glass slide with the SH 

surface facing downward a 400-Cw sandpaper. Then a 100-g weight was placed on 

the glass slide. The sample set was pushed horizontally along a ruler for 10 cm 

before being pushed back to the initial position. Then the sample was rotated for 90° 
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and the same movement was repeated for once. This four-direction movement is 

counted as an abrasion cycle, which was repeated for multiple times in the test. The 

water CAs before and after the abrasion were recorded to determine the robustness.  

 

4.2.3.2. Chemical robustness  

A standard aging test was performed to evaluate the chemical robustness of 

the SH films.The samples were exposed under a 254-nm UV light at 70 °C. The 

water CAs of the samples were measured every 1 hour during the exposure and 

were compared with the initial one recorded before exposure to verify the chemical 

robustness. 
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4.3. Results and Discussion 

4.3.1. R2R thermomolding process 

The key of a successful 3D molding of SH surface is the combination of the 

material property and working conditions, i.e., utilization of the soft mold at high 

temperature and a low pressure to controllably mold three-dimensional and high-

aspect-ratio structures, which offers the following advantages: (i) plastics are 

molded at temperature close to their melting points; the molten polymers with lower 

viscosity can be readily pressed into the covert pattern on the mold. (ii) the mold is 

air-permeable so that the printed the material can fully fill the patterns after the 

composing air pockets in the rough surfaces are released through the mold, (iii) the 

plastics are molded at a slight pressure to ensure little pattern distortion. (iv) the 

mold is soft and anti-stick so that the 3D replica structures can be released via the 

elastic deformation of the mold. The above features are distinct from the convention 

hot embossing method where a huge pressure and lower temperature are adopted. 

The proposed R2R thermomolding process must not only inherit these features but 

also address one particular challenge triggered by them. As the plastics are molten 

viscous fluid during the process, they are no longer self-supportive, therefore, 

transmitting molten polymer film while preserving the molded micro/nano 

structures in a continuous R2R thermomolding process becomes a major challenge. 

This is of question when a conventional roller stamp is used, as viscous fluid 

cannot be transmitted from one roll to another directly. Here, we design a molded 

module consisting of a pair of soft belts. One is a mold with surface pattern and the 

other one can be either patterned or flat, as shown in Fig. 4-1A. The belt module 

can function both as the soft mold which inherit the features elaborated above and 

as the support carrier to transmit the molten product material from the heater to 

cooler, ensuring the successful molding process. In additional, the soft belt module 

in the R2R process provides a unique solution to those challenges encountered in 

the previous P2P dynamic soft molding process. (i) Plastic films that will be molded 

are scrolled in the belts rather than directly laminated, and the thermomolding 

proceeds in a narrow region transverse to the web moving direction, therefore gas 
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bulls can be timely removed even using a slight pressure, as it is shown in the left 

illustration image in Fig. 4-1A. (ii) In a P2P process, it is hard to fabricate a large-

scale thin SH film, as pressing a bulk plastic into a piece of film, even at wafer size, 

requires huge pressure, which leads to pattern distortion or even damage to the soft 

mold; while the obtained the film is still too thick. (iii) The separation of mold and 

the product film in the R2R process is performed in a “peeling-off” fashion, 

demanding much less force and reducing the probability of defect generation (right 

image in Fig. 4-1A).  

As a proof-of-concept demonstration, we printed an SH film using a PP film 

with a diameter of 10 cm, equal to the size of the 3-inch silicon wafer. As it is shown 

in Fig. 4-1B, the flat wafer-scale PP film possessed a water CA of ~89.6°. After it 

was transited through a 13-mm wide soft mold belt installed on the heating rollers 

and cooling rollers, its surface was printed with micro/nano structures. The water 

CA on the SH PP film was ~165.5°.  

 

Figure 4-1. Roll-to-roll fabrication of SH films. (A) Schematic diagram for the 

fabrication process. The flat plastic film is fed to the heating roller, where it is 

melted and fully fills the 3D micro/nano- structures of the soft mold belt under 

pressure (enlarged scheme on the left). Then the plastic film cools to room 

temperature during the transmission with the belt before reaching the cooling roller. 

At last, the soft mold belt elastically deformed to release the SH film, and the 3D 
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structures on the film are preserved (enlarged scheme on the right). (B) Images of 

a flat plastic film (left), a soft mold belt (middle), and an SH plastic film obtained 

from the flat film being molded by the belt (right). 

 

4.3.2. Soft mold belt 

One major issue concerned in the R2R process is the fabrication of a large-

area mold belt, which is commonly neglected in the previously reported research, 

as repelling of single water droplet can be visualized in a small view field. We used 

a simple strategy, crystallization of a mixture of PP and LDPE mixture in p-xylene 

solvent, to prepare an A4-size master. By controlling the concentrations and mixture 

ratio of the compositions, a serious of controllable micro/nano morphology can be 

formed in the vacuum environment. Owing to micromolecular nature of the PP and 

LDPE, the crystallization in their solution will form different micro/nano 

structure40,139,161,162. The PP crystal tends to be nano-sized particles40 while the 

LDPE crystal prone to be micro mesh161 or flower162. In our case, the pure PP 

solution formed a uniform layer nanoparticle with a diameter of 800 nm; the pure 

LDPE solution formed ~10 μm micro flowers growing on the substrate. The 

crystallization of two polymers taking shape in a single solvent formed hybrid 

topologies. Increasing the LDPE/PP ratio led to the formation of larger 

microparticles on which small nanoparticles attached. However, excess LDPE 

caused chaps of the membrane. The optimized condition resulted in a uniform large-

area master structure.  

We tried casting PDMS on the as-prepared master structures. However, even 

using our dynamic soft molding method developed in Chapter 2, we found it is hard 

to separate the cured mold and the master, because the self-assembly of polymer 

crystals in solution constructed a porous structure. Once the PDMS liquid precursor 

wetted the master structure, the master and the PDMS locked up each other. On the 

other hand, for an SH surface, only the structure at the top layer functions as the 

necessary roughness to superhydrophobicity. Therefore, we employed a strategy 

named imprinting172,173, pressing a partially cured PDMS with slight pressure, to 
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cast the structure at the top layers. The obtained PDMS mold can be used to 

thermomolding of SH surface, whose topology resembles to the top layer of the 

masters. And SH replica, in turn, can be used to cast the soft mold. Here, we used 

the replica to assist connecting the soft mold to be a closed belt, using the PDMS 

precursor as glue. One slide of the replica was covered on the gap; therefore, the 

obtained belt can be continuously patterned.  

The method for preparing the soft belt is schematically illustrated in Fig.4-2A. 

It is crucial to utilize the curing dynamic of PDMS to control its elasticity and 

hardness, as well as the active groups on the surface for further polymerization. 

These methods are also included in our dynamic soft molding. The SEM images of 

the master, the PDMS mold, the replica, and the connection location on the mold 

belt are shown in Fig. 4-2B from top to down. 

 

Figure 4-2. Generation of soft mold belts. (A) Scheme for producing a soft belt 

through four steps: (I) Initial master with 3D micro/nano- structure generated by 

crystallizing mixed PP and PE solution. (II) PDMS mold with complementary 

structures imprinted from the initial master. (III) Plastic replica thermo-molded 

from the PDMS mold. (IV) Soft belt generated by connecting the two ends of the 

semi-cured mold by curing freshly prepared PDMS at the gap under the plastic 

replica. (B) Scanning electron microscope (SEM) images of the master, mold, 

replica, and the connecting point of the soft mold. 
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4.3.3. R2R printing performance 

To demonstrate the printing performance of the R2R process, we firstly printed 

four kinds of the structure with different sizes and topologies, including 

nanoparticles (~800 nm), submicro particles (~1.5 μm), hierarchical structures (~10 

μm/800 nm), and micro pillar arrays (~20 μm). The SEM images of the masters and 

the printed structures are shown in Fig. 4-3A. The printed SH products obtained the 

top-layers structures of the master templates; the printed structures and the top-layer 

structure on the templates are identical with each other, suggesting a high fidelity 

of the proposed R2R thermomolding method. The obtained large water CAs and 

small CA hysteresis of all the samples demonstrated that the printing depth is 

enough to construct roughness for superhydrophobicity (Fig. 4-3B). We then 

inspected the superhydrophobicity of the structures and found they all possessed 

very high water CAs (≥ 160°). The former three structures hold small hysteresis of 

water CAs (< 10°), owing to the large gas fraction provided by the nano pockets. 

The hysteresis of water CA on the micro pillar arrays is ~14°, which is small enough 

to allow the water droplet sliding off easily. In addition, we evaluated the lifetime 

of the soft belt by printing SH films and monitored the superhydrophobicity of 

surfaces corresponding to the same location of the belt in consecutive cycles. The 

water CAs and the CA hysteresis maintained nearly constants during more than 50 

printing cycles (Fig. 4-3C), suggesting a long lifetime of the soft mold belt which 

facilitates the long-term consecutive use for mass production. 
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Figure 4-3. Printing performances of the roll-to-roll fabrication. (A) SEM images 

of the master templates (upper) and the as-printed SH structures (lower) with 3D 

morphologies of different scales, including fine nano, nano, micro/nano, and micro 

scales. The fabrication conditions of each structure are shown on top. Scale bar: 10 

μm. (B) Water CAs and hysteresis of CA of surfaces with different sizes of 

structures. (C) Water CAs and CA hysteresis of the SH films printed at the same 

location of the belt for 50 printing cycles. 

 

Our R2R thermomolding process was developed with the material 

compatibility in mind. We used various thermoplastics for printing SH films, 

including Teflon FEP, PP, PE, and PDMS, some representatives of polymeric 

materials that are widely used in our daily life, functioning as packages, protective 

coatings, water supply tubes, biomedical devices, and so on. Making these materials 

with superhydrophobicity leads to an upgrade of these plastic products with self-

cleaning and anti-biofouling functions, etc., thus, improving our life and health 

environments. As illustrated by the water CAs, the products made from these plastic 
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films successfully acquired superhydrophobicity after they were printed, although 

they possessed different inherent wettability (Fig. 4-4).  

 

Figure 4-4. Water CAs on the flat (upper) and SH films (lower) made from different 

polymeric materials. 

 

Compared with the flat films, the SH products exhibit good light transparency 

as well (Fig. 4-5), which could be an important factor when applying the films as 

coatings and membrane constructions. The transparency of the film can be adjusted 

by changing the surface topology and thickness of the films. 

 

Figure 4-5. The transmission spectrum of the SH films (dash lines) compared with 
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that of the flat ones (solid lines). Inset is an optical image showing the flat (left) and 

(right) SH FEP film with several water droplets on their surfaces. 

 

4.3.4. Robustness of the SH films 

SH surfaces are supposed to function in various harsh environments, where 

mechanical and chemical invasions frequently take place and damage the 

vulnerable structures and substances. The loss and/or degradation of the top layers 

of the SH coatings disable their superhydrophobicity. To demonstrate the 

mechanical robustness of our printed SH films, we used a standard sandpaper 

abrasion method, and monitored water CAs of the SH films (Fig. 4-6A-C). A 

commercial water-repelling spray was used for comparison. As one representative, 

the PP and Teflon SH films can withstand the abrasion and maintained SH after 40 

abrasion cycles, during which the water CAs kept above 160° (Fig. 4-6B), and the 

hysteresis of the water CA was very small (Fig. 4-6C). The mechanical robustness 

of various plastic SH films is mainly influenced by their inherent properties, such 

as hardness, flexibility, and strength, etc., resulting in different wearabilities higher 

than the commercial water-repelling product. The water CA of the commercial 

product decreased significantly after every abrasion cycle, and only after 10 cycles, 

the water totally wet the substrate.   

 

Figure 4-6. Comparison of mechanical robustness of printed plastic SH films and 

a commercial water-repellent spray. (A) Images of water droplets on a PP SH film 

and a commercial-spray-coated cardboard before and after 20 standard abrasion 

cycles. (B) Water CAs of SH films made of different materials and a commercial-
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spray-coated cardboard after different cycles of standard abrasion. (C) Image of the 

CA hysteresis of a PP SH film after 40 abrasion cycles. 

 

To determine the chemical reliability of the SH films, including FEP, PP, and 

PE, we used a standard aging test, which accompanied by UV radiation and heat to 

accelerate the aging speed. The PDMS material, which is a common package 

material in electronic and photovoltaic technologies, was used for comparison. The 

Teflon SH maintained water-repellent during the tests, and we did not observe any 

decreasing of the water contact in further extended test. The chemical stability of 

PP SH film was very strong, it turned to hydrophobic after two days exposure, 

which already surpassed that of the PDMS for 1 day. The PE SH membrane has the 

poorest stability, only resist to the exposure in 12 h, while considering the 

application field, e.g. packing bags, water tube, and implant medical devices, the 

performance of PE is already enough. 

 

Figure 4-7. Aging tests of the polymeric SH films under a 254-nm UV at 70 °C. 

 

4.4. Summary 

In summary, we demonstrated a proof-of-concept of mass production of robust 

SH plastic films by R2R transfer thermo-printing strategy. Films of arbitrary 

thermoplastics can be printed with various three-dimensional micro/nano structures 

by a durable soft molding belt. The printed SH films showed great robustness and 
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resistance to contaminations and bacterial attachment. The R2R process addresses 

the major challenges to the real-life applications of SH surface, i.e., the feasibility 

of large-scale fabrication and the reliability of the products mainly relating to 

mechanical robustness and chemical stability, therefore, it has great potential to 

facilitate the implementation of the SH films to various subject such as membrane 

constructions, water supply tubes, air conditioners, etc. 
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Chapter 5. Superhydrophobic Plastic Films for Multifunctional Applications 

in Self-Cleaning, Anti-Bacterial Fouling, and Anti-Icing. 

 

Brief: Multi-functions would be equipped on a coating when it strongly repels 

liquid wetting, such as self-cleaning, anti-icing, anti-frost, heat transfer, anti-

biofouling, cell capture, anti-corrosion, novel printing methods, and so on. However, 

none of these applications is implemented in the real world because of the poor 

performances. On one hand, the robustness of the SH coatings is still insufficient; 

on the other hand, fundamental studies should be done to clarify the mechanisms 

and address the problems for functional applications. Previously, we successfully 

developed a 3D fabrication technology and fabricated SH films with multilevel 

robustness, therefore we use it as an example to explore the potential of using an 

SH coating for different functions. These explorations deepened our understanding 

on the connection between superhydrophobicity and the various extended functions, 

and suggested that there is a chance to realize such functions through further tuning 

the structures of an SH coating. The experimental results in this chapter are 

expected to provide some insight understandings on the multifunctional SH coating.  
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5.1. Background 

Topologically pockets engineered on the low-surface-energy material retain a 

layer of gas between the solid-liquid interface. The enlargement of gas distribution 

over solid and liquid fractions can equip a solid surface with a capability that even 

completely resist wetting by liquids. Such water-repellant capability of a surface 

thereby defined as superhydrophobicity, which would have many fascinate 

functions, such as self-cleaning58,174, anti-icing72,175, anti-frost176,177, heat transfer133, 

anti-biofouling59,130, cell capture178, anti-corrosion36,138, novel printing methods158 

and so on2,52. However, after decades-long efforts on the development of theories 

and technologies of SH coating, there has barely been any real application, because 

of their poor performances. The low-cost and large-scale SH coating with multilevel 

robustness developed in the previous chapters provides us a valuable chance to 

study these functions for the practical adoption. 

Consider the plastic materials, either in the form of membranes or blocks. The 

most frequent scenarios are applying them to package material, membrane 

construction, biomedical implant, marine transportations, protective coatings, and 

so on. When equipped with superhydrophobicity, a direct upgrade of these materials 

and related industrial technologies may be achieved leveraging on multi-functions 

of self-cleaning, anti-bacterial fouling, and anti-icing, etc. Hereby, we limit our 

discussion to these fundamental applications based on the SH films and aim to study 

the following issues. The first is to achieve a long-lasting self-cleaning function on 

the SH surface, as pointed by researchers, SH coatings get dirty during outdoor 

exposure, owing to the effect of shading by dirt particles 53,57,58. Second, anti-

fouling by bacterial are potentially enabled by the water-repelling effect. This not 

only involves precluding the adhesion by single bacterial cell59,179 but also 

inhabiting biofilm formation60,180; the latter, unfortunately, is still unexplored on SH 

surfaces. Third, although anti-icing situations could be matched with the properties 

of SH coating72,181, none of the present reports can achieve a durable anti-icing 

function, because of the low robustness, especially the poor mechanical and thermal 

robustness in the harsh icing environments. Also, the frost in humid and chill 
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conditions are more likely to attack the SH coatings as SH surfaces provide larger 

actual areas compared with flat ones3,65.  

The unique properties of our SH films, especially the whole-Teflon film, 

provides many inherent material merits. For example, the flexibility and self-

lubrication would enhance the resistance to mechanical abrasion; the anti-stickiness 

to almost all kinds of molecules would enhance the self-cleaning and anti-bacterial 

fouling capability; the high thermal stability at temperatures from -200 to over 

250 °C make the coating applicable to harsh icing environments. In this chapter, we 

explore those fundamental scientific issues, and the influences of size effect and 

material property on the functions (i.e., self-cleaning, anti-bacterial fouling, and 

anti-icing) of the SH film are studied. These findings might provide insight clues to 

improve the real-world application of the multi-functional SH coatings. 
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5.2. Experimental Section 

5.2.1. Preparation of SH surfaces 

Here, we hypothesis that the functions of the SH coating are attributed to the 

surface topology and the chemistry. For testing the functional applications, we 

fabricated a batch of SH films made of different materials with various structures. 

The material employed were PDMS, PE, PP, and Teflon PFA. The structures 

included micropillar arrays (~20 μm), submicron structures (~1.5 μm), 

nanostructures (~700 nm), and hierarchical structures (~10 μm/800 nm). The 

fabrication methods of the structures and the SH films, as well as the morphologies 

of the as-prepared structures can be seen in the previous chapters. 

 

5.2.2. Self-cleaning tests 

For the first stage, the real soil was used for the dirt removal tests. The soils 

were collected from a farm land and then dry in the oven and grind into small 

particles. 1 g soil particles were placed on the surface of each SH film, and then 

were tapped to make sure a close contact between the dirt and the SH surface. Then 

water droplet was added on the surface to clean the surfaces. The SH surface 

functions self-cleaning if the water droplets were almost spherical and rolled off 

from the SH films, collecting and removing the soil dirt easily. 

To investigate the effect of the size of the contaminant particle on the self-

cleaning property of the SH coating, we employed both micro (~2 μm) and nano 

(~200 nm) iron oxide particles as the mimetic dirt. The self-cleaning tests were 

performed by removing iron oxide particles from the SH surfaces with water 

droplets. Firstly, the iron oxide particles were spread on the SH coating and tapped 

lightly to ensure that they had close contact with the surfaces. Then, water was 

dropped onto the surface to remove the particles. SH surfaces made of different 

materials, for example, Teflon, PDMS, PE, and PP, were tested for comparison. It 

is believed that the surface will lose its superhydrophobicity once it is fouled by the 

particles, leading to the accumulation of water droplets.  

 



129 

 

5.2.3. Anti-bacterial fouling test 

5.2.3.1. Short-term exposure test 

E. coli (green-fluorescent-protein-labeled) was cultured with lysogeny broth 

(LB) in an incubator at 37 °C for 24 h. Then the bacteria were centrifuged from LB 

and the supernatant was decanted. Then the bacteria were homogenized in sterile 

PBS solution by vortex. Three times of centrifugation-distribution procedure were 

performed to remove the nutrients from LB completely. A bacteria suspension of x 

107 colony forming units (CFU)/mL was prepared for a short-term contact with 

different plastic film samples.  

The SH films were all cut into 2 x 4 cm2, and were placed on a pedestal tilted 

at 10°. Two PDMS slides were put onto the surface parallelly to form an open-air 

channel. A home-made device fed the bacteria suspension gently onto the film. 

After the exposure for 1 h, the sample was immersed in 20 mL of sterile PBS and 

sonicated for 10 min. After a logarithmic serial dilution, the number of bacteria 

attached to different films were estimated by culture in nutrient agar plates. 

 

5.2.3.2. Long-term culture test 

S. aureus was selected for the long-term culture test. To initial the growth of 

biofilm, the S. aureus was cultured on a selective agar plate (dispersed with sterile 

broth medium) until the optical density reached 0.2. An additional glucose was 

added to stimulate the biofilm formation. The plastic SH membrane was fixed in a 

glass petri dish and then 10 mL bacterial suspension was added on and covered the 

whole surfaces, and placed in 35 °C incubator for 8 h. Four kinds of structures were 

used in this test, including ~700 nm nanostructure, ~1.5 µm submicron structure, 

~10 µm/700 nm hierarchical structures, and ~20 µm micropillars. After 8-h culture, 

the samples were collected and rinsed vigorously with PBS solution to wash off the 

physically attached bacterial. The remaining biofilm and bacterial were fixed using 

2.5% glutaraldehyde solution for 4 h at 5 °C and were characterized by using SEM. 
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5.2.4. Anti-icing tests 

To perform the anti-icing tests, we employed a homemade device which 

integrated two electrical refrigerators to control the temperature of the Teflon 

coating and the water. An aluminum plate with Teflon SH coating adhered to the 

electrical refrigeration platform at the bottom of the device with thermally 

conductive grease. The water was driven by a pump and flow through a copper 

capillary which was coiled on the electrical refrigeration to generate supercooled 

water (whose temperature was below 0 ℃). The supercooled was pumped out from 

a PTFE needle and dropped on the Teflon coating which was tilted 20° along the 

horizontal line. The time-lapse photographs were taken by a high-speed camera 

with a frame frequency of 500 fps. 
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5.3. Results and Discussion 

5.3.1. Self-cleaning performance in real conditions 

To demonstrate the self-cleaning property of the SH films, we firstly used real 

soils collected directly from the farm land as the dirt. Real soil composes of particles 

with various sizes (submicron to macro) and components (both inorganic and 

organic matter), therefore, it can simulate the real dirt fouling in daily life better 

than those chemical substances, such as glass microspheres174, MnO2
20, SiC174, that 

has been used in previous work. The soils were placed onto the surface and were 

tapped to make sure close contact between the dirt and the surfaces. During the tests, 

water droplets on the surface maintained spherical shapes and rolling down the 

surface quickly. The soils on all the SH films were picked up and thus were taken 

away by only several droplets (Fig. 5-1), demonstrating the excellent self-cleaning 

property of the SH films against soil dirt. 

 

Figure 5-1. Self-cleaning test using real soil as dirt. (A) SEM image of the dirt 

particles. (B) Self-cleaning test on various plastic SH film. The first row shows real 

soils used for dirt covered on the SH films tightly. The second row shows water 

droplets flowing over the SH films and took away the dirt on the flow paths. The 

last row shows the clean SH films after tests. 

 

However, a mystery in studies on superhydrophobicity is that despite many 

man-made SH surfaces show self-cleaning property against certain microparticles 

when tested in the laboratory, they gradually lose superhydrophobicity when put 

outdoor. Considering that the soil dirt can be effectively removed by the self-
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cleaning process, we hypothesis that the dirt accumulation might come from the 

particle matter in air. One commonly neglected point is the distribution of ambient 

fine particulate matters in two size ranges, i.e., 0.1-2 μm and ≥2 μm, which are 

known to be in the accumulation mode and coarse mode, correspondingly182, but 

the existing self-cleaning tests only involve microparticles, such as natural soil and 

dust20, as it was demonstrated above. In our postulation, nanoparticles deposit 

facilely on or embed into the features with high adherent strength owing to their 

small sizes and the high surface-to-volume ratios, and thus are hardly removable by 

impacting water droplets. Then the free energy of the surfaces becomes higher with 

the accumulation of these nano-sized aerosol particles. On this account, we 

performed comparative self-cleaning experiments by using iron oxide particles of 

both micro (~2 μm) and nano (~200 nm) scales on Teflon SH coatings (Fig. 5-2). 

 

Figure 5-2. Size distribution of the iron oxide particle samples, which were used as 

dirt and placed onto the SH surfaces to perform the self-cleaning tests.  

 

PP, PE, and PDMS SH surfaces with the same texture were also employed for 

comparison (Fig. 5-3). Firstly, the iron oxide particles were spread on the SH 

coating and tapped lightly to ensure that they had close contact with the surfaces. 

Then, water was dropped onto the surface to remove the particles. During the tests, 

the microparticles (2 μm) deposited on the SH surfaces were easily taken away by 

the rolling-over water droplets, even from the SH surface made of PDMS, a material 

well known for attracting dust. However, when the nanoparticles were deposited on 
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the surfaces, only the Teflon SH surface could be cleaned by the impacting water 

droplets. For the other surfaces, the contaminations could not be removed even after 

further rinsing with a high-pressure water jet.  

 

Figure 5-3. Self-cleaning tests on different SH surfaces using micro and nano 

particles. The 2-μm microparticles were easily removed from all the SH surfaces 

by rolling water droplets. When exposed to impacting water droplets, only Teflon 

SH surface showed self-cleaning property against 200-nm nanoparticles. 

 

The outstanding performance of the proposed SH surface is related to the anti-

stick property of Teflon. The PTFE molecules on its surface are completely encased 

in fluorine atoms. There are no available methods (i.e. introducing chemical bonds, 

hydrogen bonds, van der Waals forces) for other molecules to attach themselves 

successfully to the surface of the Teflon183,184. 

We then perform a self-cleaning test of Teflon SH surface outdoor for 1 month. 

The sample together with PDMS, PP, PE SH coatings for comparison, was fixed at 

the roof of the Science Tower on the campus of Hong Kong Baptist University, 

where they were directly exposed to various weathering disturbances (radiation, 

rain, air contamination, etc.). Hong Kong Baptist University locates at the urban 

area of the Hong Kong city where the level of ambient fine particulate matter 

contamination is similar to other typical mega cities. The average values of 
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meteorological elements of this month (Sep. 2017) were recorded according to the 

information from Hong Kong Observatory. The air temperature was 27.7 °C, the 

relative humidity was 78%, the total rainfall was 327.6 mm, and the wind speed 

was 11.4 km/h. After one month, only the Teflon coating successfully remained SH. 

Such advantageous performance may be attributed to the nonstick property of 

Teflon, in which carbon atoms are surrounded by closely packed C-F bonds, 

excluding the weak interactions that commonly take place on other surfaces. 

 

5.3.2. Anti-bacterial fouling 

Microorganisms attached on the plastic products are increasingly concerned in 

many areas, such as plastic food packages, water supply tubes, building heating and 

air conditioning mechanics, and biomedical devices. These products fouled by 

bacteria not only threat directly to our health but also can be new and robust cradles 

for the bacterial growth and spreading44,129,180. The ideal anti-fouling coating should 

enable both resistance to the adhesion of bacterial during contact and easy removal 

of the attached contamination. Based on the consideration, we tested the anti-

fouling performance of the SH films via a short-term exposure and a long-term 

growth of bacteria, as it is shown in Fig. 5-4. 

 

Figure 5-4. Schematic illustration of (A) the short-term exposure and (B) the long-

term growth of bacterial on the SH film.  

 

In the short-term exposure test, the SH films were exposed to the solution 
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containing E. coli flowing over their surfaces. After 1 h, the bacteria on the samples, 

if any, were collected and then cultured on nutrient agar plates for 24 h. Flat samples 

make of the same plastic material were employed for comparisons. The antifouling 

capabilities of the SH films were visualized by the bacteria colonies growing on the 

culture mediums (Fig. 5-5). Bacteria fouled all the flat films heavily and were 

resisted by all the SH films effectively. The resistance of our SH films against the 

bacterial attachment was aroused from two aspects. The air pockets trapped in the 

micro and nano structures largely decreased the contact area between the bacterial 

solutions and the surface of the film. Also, the nano structures are much smaller 

than the bacterial, therefore the bacteria are place on the tops of the nanostructures 

rather than attached to the surface; when water flows over the surface, they were 

easily picked up and taken away. 

 

 

Figure 5-5. Anti-bacterial test. Bacterial suspension flowed over the flat film and 

SH film, and then the retained bacterial were collected and cultured on the medium 

plates. The resulting bacterial growth can be observed in each plate in the form of 

colonies following 24-hour incubation. The flat films were all contaminated, while 

the SH films were all clean. 

 

We then directly cultured S. aureus in BM (Sigma, USA) with glucose on the 

SH samples. In this adverse situation, the bacteria exist in nature predominantly as 

members of biofilms, which is structured, multicellular communities adherent 
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tightly to surfaces in both natural and artificial conditions. After an 8 h culture, the 

SH films were rinsed with PBS to wash off the physically attached bacteria, and the 

morphology of the SH films was visualized by the SEM images shown in Fig. 5-6. 

The biofilm growth behaviors are different on different structures. No bacterial 

attachment and biofilm formation were found on polymeric nano-structures (700 

nm), while the submicro structures (~1.5 μm) presented a small amount of 

individual bacteria attachment but no large area of biofilm. When the size of the 

structures increased to larger than 10 μm, for example, hierarchical structures (~10 

μm/800 nm), and micro pillar arrays (~20 μm), heavy bacterial attachment and 

biofilm formation were found to cover all the SH surface, and thus disabled the 

superhydrphobicities of the plastic film. These results suggest that well-designed 

structures in nano-scale can inhabit the bacterial attachment and biofilm formation 

on the SH film, thus in those situations need efficiently inhabit the biofilm 

formation, nanostructured SH surfaces are preferred. It is worth to note that, further 

experiments need to be done to illustrate specifically the mechanism of this finding. 

Thus, we can conclude from the anti-bacterial fouling tests that our SH film can 

inhabit both bacterial adhesion and biofilm formation. 

 

Figure 5-6. Tests of biofilm growth on the SH film. SEM images show the growth 
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behaviors of S. aureus on different structures (A) ~700 nm nanostructures, (B) ~1.5 

μm submicron structures, (C) ~10 μm/800 nm hierarchical structures, and (D) ~20 

μm micro pillars. 

 

5.3.3. Anti-icing ability of the Teflon SH coating 

SH surfaces show the potential of anti-icing owing to several aspects base on 

the timeline of icing phenomenon, i.e., timely removal of impacting water droplet 

and condensate, delay ice formation, and reduce the ice-surface adhesion strength. 

However, none of the reports has achieved long-lasting anti-icing performance 

because of the following problems. (1) The delicate nanoscale roughness required 

to trap air and lubricant is likely to result in surfaces prone to mechanical 

damage61,66. Defects promote the ice formation and soon spreads over entire surface 

via an inter-drop frost wave3,65185,186. (2) In high humidity situation or when 

supersaturation is likely to occur, the bouncing droplet effect is an ineffective path 

towards icephobicity67–70. (3) The ice adhesion increased significantly as air pockets 

are replaced or excess lubricant above the posts is depleted63, which in turn 

exaggerates the damage to the surface structures during deicing processes71,72.  

For testing the performance of Teflon SH surface in a freezing rain 

environment, we prepared a homemade device for simulation of the freezing rain, 

which composes of three modules for dehumidification, supercooling water, and 

the icing on the SH surface, as it is schematically shown in Fig. 5-7. The 

dehumidification module is turned on prior to the anti-icing test for several minutes 

until the humidity decrease to the desired level. After that, the sample temperature 

is cool down the preferred level. Finally, water flowing through the copper capillary 

is cooled down at the S-shaped section below 0 ℃ and drops from the Teflon needle 

onto the surface of the sample. The temperature of the sample is controlled by the 

thermoelectric cooler.  
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Figure 5-7. Simplified schematic illustration of the anti-icing setup, which 

composes of three modules for dehumidification, supercooling, and icing. 

 

To mimic the freezing rain environment, the temperatures of water droplets 

and the SH surface were set at ~-1 °C and -20 °C, respectively. The relative 

humidity was adjusted to 30 ± 5%. The supercooled water droplet timely bounced 

off (Fig. 5-8B). Along with the droplet impacts, the frost on the test location was 

carried off stepwise. A white spot formed, extended to the whole contact area of the 

water droplet, and kept steady during the tests. The initially frosted SH surface, and 

the surface after the 1st, 3rd, 5th, 7th, 10th, 15th, and 100th impacts are presented 

graphically in Fig. 5-8C. The surface retained water repellence in a chill 

environment. These results suggest the potential of our Teflon SH coating for 

efficient and durable anti-icing in the chill and humid environments. 
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Figure 5-8. Anti-icing tests. (A) A homemade device for simulation of freezing rain 

environments. (B) Time-lapse photography of one super-cooled water droplet 

(~5μL) impacting on aluminum with Teflon SH surface. (C) De-frosting by 

impacted super-cooled water droplets. The image of the frosted aluminum plate 

(denoted with “initial” in C), and that after 1st, 3rd, 5th, 7th, 10th, 100th impacts were 

chosen as representatives. The temperature of SH surface and water droplet were -

20 and ~-1 ℃, respectively. The relative humidity was 20~30%. 
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5.4. Summary 

The robust SH films with multilevel robustness pave a road to the practical 

multifunctional application. In this chapter, we demonstrated the self-cleaning, anti-

bacterial fouling, and anti-icing performances of the as-prepared SH films, and 

explored some fundamental problems lie in the functional applications. Firstly, we 

found the size of the dirt particles effects significantly on the self-cleaning property 

of the SH surfaces. While it has been proved that the size of particles in air 

distributed in two ranges; the removal of nano-sized particles can be achieved on 

the Teflon SH surface, but failed on the SH surfaces made from other materials. 

Secondly, by rationally constructing the SH surface, the bacterial fouling and 

biofilm formation can be effectively inhabited during short-term exposure and long-

term culture. We demonstrated the anti-bacterial fouling highly relied on the steady 

repellency to bacterial suspension and the size matching effect. Finally, the whole-

Teflon SH surfaces present excellent anti-icing performance, a self-refresh of 

frosting was found along with the timely rebound off of the supercooled water 

droplet. This interesting finding might provide an approach to the durable 

defrosting in humid and chill environments.  

Together, these results demonstrated the great potential of the rationally 

designed SH film to the multifunctional applications. Owning to the limited time of 

my Ph.D. study, further experiments are still needed to draw more specific 

conclusions. 
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Chapter 6. Overall Conclusions and Future Work 

 

6.1. Overall conclusions 

The real-world implementation of SH coatings calls for a multi-level 

robustness, which highly resists to mechanical, chemical, thermal invasions. A 

rational design of SH coating is required to settle following challenges, including 

(i) a material hold multi-level robustness including mechanical, chemical, and 

thermal robustness, as well as adherent strength to substrates; (ii) a technology for 

facile and mass production, and (iii) an in-depth exploration of the fundamental 

mechanism and problems of functional applications. These challenges can be well 

addressed by a rational design of SH coating solely made of Teflon materials by 

taking their advantages, including extremely inert, thermal stability, self-lubrication, 

and anti-stickiness, and therefore excellent for making SH coatings. To realize this 

goal, we developed a complete strategy taking into account of material choice, 

fabrication, and functional applications in this work. 

In Chapter 2, we developed dynamic soft molding method, which can directly 

replicate true 3D microstructures in a master, including complex geometries and 

closed loops, into various thermoplastic materials in a rapid, mass producing, and 

low-cost fashions. The key features of the soft mold relied on the precise control of 

the dynamics of the polymerization reaction and curing of the soft mold in two 

discrete steps, which are separated by the demolding dynamic soft molding process. 

We believe dynamic soft molding provides a convenient bridge connecting the 

upstream advanced micro/nano fabrication methods, which are sophisticated and 

high-cost, and the downstream implementations based on cost-efficient industrial 

materials. 

In Chapter 3, we developed superbly and multi-level robust SH coatings by 

dynamic soft molding Teflon materials. The SH surfaces can be applied to objects 

either by direct lamination at high temperature, or as Teflon-PI bilayer SH tape. The 

coating, composed of a continuous piece of micro/nano-structured Teflon, could 

endure severe mechanical and chemical invasions, as well as aging effects.  
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In Chapter 4, a proof-of-concept demonstration R2R thermo-printing SH 

plastic films, which addresses the major challenges to the real-life applications of 

SH surface, i.e., the feasibility of large-scale fabrication and the reliability of the 

products mainly relating to mechanical robustness and chemical stability. Therefore, 

it has great potential to be implemented to various subject such as membrane 

constructions, water supply tubes, air conditioners, etc., where self-cleaning and 

anti-bacterial fouling functions are highly desired.  

In Chapter 5, We studied the self-cleaning, anti-bacterial fouling, and anti-

icing performances of the as-prepared SH films, and explored some fundamental 

problems lie in the functional applications. We found the multi-functions of the SH 

coating highly depend on (i) the topological size-matching effect between the 

coating and objects on the surface and (ii) surface chemistry such as the surface 

energy and the anti-stickiness. These interesting findings might provide some 

insight views on the development of SH multifunctional surfaces. 

Together, these results demonstrated the great potential of the rationally 

designed SH film to the real-world multifunctional applications. Owning to the 

limited time of Ph.D. study, further experiments still need for me to be done to draw 

more specific conclusions. 

 

6.2. Future work 

(1) In Chapter 2, we have replicated various true 3D structures. Many 

important and emerging functional application have been demonstrated in the 

previous reports. We are going to seek cooperation with these researchers on 

realizing the mass-production and practical adoption of them. 

(2) In Chapter 3, we have demonstrated that the Teflon could be bonded with 

polyimide. We plan to fabricate the Teflon SH coating into a real adhesive tape, thus 

would significantly extend the feasibility and applicability of it on various 

substrates with arbitrary geometries. This, however, requires a roll-to-roll machine, 

as illustrated in Chapter 4 to make them in thin films. 
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(3) In Chapter 4, we explored the feasibility of R2R process, we are now 

customizing the second generation of machine, and the real production performance 

thus will be optimized accordingly, we sincerely hope the SH film can be produced. 

(4) In Chapter 5, although we observed excellent multi-functions of the SH 

film, (i) the effect of different component (mainly categorized into inorganic, 

organic, and hybrid) in nano-size on the self-cleaning performance still need be 

tested; (ii) the mechanism of the inhibition of biofilm formation by nano-size SH 

surface needs be clarified; (iii) the anti-icing capability should be tested in a set of 

conditional assembly from various humidity, the temperatures, and the airflow 

velocities, to evaluate the overall performance of SH Teflon coating. 
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