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Summary 

 

Structured antifouling coatings for the marine environment 

 
Biofouling is the unwanted accumulation of marine organisms on immersed 

surfaces. Examples of affected surfaces are oil rigs, fishing nets, mooring lines and 

boats. There are over 4000 different organisms that can accumulate on these 

surfaces. The marine biofouling of, for example, a ship’s hull results in a significant 

weight and hydrodynamic drag increase which increases the ships fuel consumption 

significantly (up to 40%), it increases operational costs for cleaning and increases 

CO2 emissions dramatically. 

  

Antifouling coatings are used to reduce the biofouling accumulation on submerged 

surfaces like ship hulls. Conventional coatings however, contain biocides that over 

time accumulate in the ocean, killing far more marine organisms than is desired. 

Therefore new non-biocidal coatings are needed to prevent the adhesion of marine 

organisms on ships. Several strategies have been investigated based on hydrogel 

coatings, zwitterionic coatings, amphiphilic coatings, fluoropolymers, surface 

structured coatings and dynamic/responsive coatings. 

 

The research here describes the surface structuring of fluorinated polymer coatings 

and fluorinated gel coatings and the dynamic surface structuring of hydrogel coatings 

which respond to external triggers, such as temperature. 

 

The prime objective is to investigate the antifouling properties of new non-biocidal 

antifouling coating. A fabrication method is explored based on photo-embossing that 

provides the ability to create surface relief in fluoropolymers. The height and shape 

of the surface relief structures can be altered as desired by changing the processing 

conditions such as energy dose, monomer composition and solvent volume fraction. 



xii 
 

Surface relief structures with heights of up to 9 µm were obtained using a photomask 

with a 40 µm pitch. It was demonstrated that surface relief structures with a broad 

range of shapes and dimensions can be created with appropriate photomasks. It was 

also demonstrated that these materials can be photo-embossed in the presence of a 

perfluorinated oil in the monomer mixture which enhances the antifouling properties 

of the coating.  

 

The fluorinated coatings showed moderate to high fouling from three biological 

assays of biofilms, diatoms and barnacle cyprids. However, it is clear that the 

perfluorinated oil content above 10 vol% can retard biofilm growth and improve 

fouling release performance against biofilm, and juvenile and adult barnacles. 

 

It was shown that by the addition of a photo-absorber a light gradient can be obtained 

in fluorinated (meth)acrylates in the vertical plane. Due to the light gradient through 

the film depth a polymerisation gradient is achieved and it is shown that 

perfluorodecyl acrylate (PFDA) diffuses towards the light source. In this way, a 

composition gradient through the thickness of the fluorinated coating is achieved, 

where the top of the coating is enriched in PFDA. This shows that by vertical 

photo-induced diffusion the surface properties of the fluorinated coatings can be 

tuned. 

 

Hydrodynamic drag reducing riblets were accurately reproduced in fluorinated 

coatings using a polydimethylsiloxane (PDMS) mould. It was shown that these 

fluorinated monomers are compatible with an industrial riblet applicator that resulted 

in the fabrication of large surfaces (40x200 cm). A maximum drag reduction of 4.1% 

was achieved for the fluorinated riblet coating. 

 

 



xiii 
 

A novel method for making dynamic surface structured hydrogel coatings is 

described as a potential fouling release coating. The method uses a 

photo-cross-linkable terpolymer to create a hydrogel coatings with a switchable 

surface structure that responds to external triggers, such as temperature. Simple and 

complex surface structures were created using single or multiple UV illumination 

steps through masks and it was shown that the hydrogel coatings can be reversibly 

switched from a structured state to a flat state with temperature. 

  

Overall a versatile fabrication method has been developed for the surface relief 

structuring of fluorinated polymers and gels. The shape and size of the surface relief 

structures is controlled by tuning energy dose, intensity, photoinitiator, mask design 

and solvent/oil content. The antifouling properties of these coatings has been tested 

on several marine organisms. Despite a high settlement in static conditions the 

fouling release properties outperformed PDMS. Finally preliminary steps towards a 

dynamic surface structured hydrogel coating that could be beneficial for a switchable 

fouling release coating. 



 
 

 



 
 

Chapter 1 
Introduction 

 
Abstract 

Marine biofouling is the undesired accumulation and settlement of organic 

molecules, proteins, microorganisms, plants and animals on submerged surfaces. 

The accumulation of this marine biofouling on a submerged surface has detrimental 

effects on shipping and leisure vessels, aquaculture systems (e.g. fishing nets) and 

heat exchangers. To combat marine biofouling, antifouling coatings have been used 

for several decades. Increased legislation, ecological awareness and the high costs 

of registration of antifouling paints containing toxic biocides has led to renewed 

interest in the development of non-toxic alternatives, such as fouling release 

coatings. There are two basic types of surface chemistries for antifouling coatings: 

hydrophilic and hydrophobic. However, different organisms have different 

attachment mechanisms and neither antifouling coating is able to deter all organisms. 

A possible solution is the fabrication of surfaces with both hydrophilic and 

hydrophobic components (amphiphilic) or the fabrication of surfaces that are able to 

repel both hydrophilic and hydrophobic liquids simultaneously (omniphobic). It is 

shown that not only surface chemistry, but also surface topography influences 

settlement of marine biofouling organisms. Depending on the size of the marine 

organism, an appropriately sized surface structure is needed to reduce settlement. A 

few studies have shown more sophisticated antifouling coatings that can deform 

under an external stimuli or change surface chemistry and/or topography. These 

dynamic antifouling coatings have the potential of being the next generation of 

fouling release coatings.  
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1.1 Introduction 
Marine biofouling is the undesired accumulation and settlement of organic 

molecules, proteins, microorganisms, plants, or animals on submerged surfaces. The 

accumulation of this marine biofouling on a submerged surface has detrimental 

effects on shipping and leisure vessels, aquaculture systems (e.g. fishing nets), clean 

energy devices and heat exchangers. For example, it has been shown that the 

increased hull roughness due to fouling increases the hydrodynamic drag of marine 

vessels1. As an example, for a slime layer, or biofilm, the drive shaft requires an 

additional 16% power to maintain the same speed, of 15.4 m s-1, of the marine vessel, 

which leads to an increase in fuel consumption and subsequently to an increase in 

greenhouse gas emissions1,2. Examples of marine biofouling are shown in Figure 

1.1. 

 

 
Figure 1.1: A) Fouling by green alga (Ulva) and B) fouling by barnacles3. Reprinted with permission 

from Callow, J.A., et al., Trends in the development of environmentally friendly fouling-resistant marine 

coatings, Nature Communications, 2011, 2, 244. Copyright 2011 Nature Publishing Group.  

 

1.1.1 Biofouling 

It is a substantial challenge to keep submerged surfaces clean due to the diversity of 

fouling organisms. Marine biofouling is generally divided into several categories: a 

conditioning film, microfouling, soft macrofouling and finally, hard macrofouling.  

 

A B
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A ‘conditioning film’ will primarily consist of organic molecules, but can also 

contain microscopic inorganic particles, such as clay particles4. Microfouling 

involves microorganisms such as bacteria, diatoms and protozoa and is often referred 

to as the ‘slime layer’ or ‘biofilm’. Soft macrofouling consists, among others, of 

green macroalga (seaweeds) and invertebrates, such as sponges and anemones. Hard 

macrofouling are usually shelled invertebrates, such as barnacles, mussels and tube 

worms3.  

 

The overall accumulation of marine biofouling is often viewed as a succession 

model, starting from a conditioning film and leading to a hard macrofouling: a 

conditioning film will attract bacteria and diatoms which in turn attract macrofouling 

organisms, a schematic representation of which is shown in Figure 1.25. However, 

fouling organisms may settle even without the presence of other marine organisms3,6.  

 

 
Figure 1.2: Schematic representation of the succession model of marine biofouling. Within seconds to 

minutes particles are deposited on the submerged surface. After several minutes, microorganisms 

attach and a biofilm is formed within a few hours. Macrofouling organisms such as spores of green 

alga and larvae from barnacles and tubeworms settle and after days to months a mature community is 

formed5. Reprinted with permission from Kirschner, C. M., and Brennan, A. B., Bio-Inspired 

Antifouling Strategies, Annual Review of Material Research, 2012, 42, 211–229. Copyright 2012 

Annual Reviews. 
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1.1.2 Antifouling coatings 

Marine antifouling coatings have been used for several decades to prevent 

biofouling. The earliest antifouling coatings were made from paints based on pitch, 

tar, wax, heavy metals (lead), or other toxic materials (arsenic, mercury or copper). 

In the 1960s, terbutyl tin (TBT) was introduced as a biocide in marine antifouling 

paints; however, these TBT coatings have limited lifetimes (1-2 years). One decade 

later, these TBT paints were superseded by the first self-polishing copolymer TBT 

paints that were more durable (lasting up to 5 years)7.  

 

In these self-polishing copolymer paints, a TBT copolymer provides both the biocide 

and paint matrix, which gradually hydrolyses and erodes in seawater, releasing the 

biocide, see Figure 1.36,8. In the 1980s, the detrimental effects of the TBT on 

non-targeted marine organisms became apparent. For example, it caused defective 

shell growth in oysters and imposex, development of male characteristics in female 

genitalia, in dog-whelk Nucella sp.7. This has led to the eventual world-wide ban of 

TBT by 20036–8.  

 
 

Figure 1.3: A schematic representation of a self-polishing copolymer paint. At the top the paint has 

already partially eroded and biocides are partially leached out (leached layer)6. Adapted with 

permission from Lejars, M., et al., Fouling Release Coatings: A Nontoxic Alternative to Biocidal 

Antifouling Coatings, Chemical Reviews, 2012, 112, 4347–4390. Copyright 2012 American 

Chemical Society. 
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Copper-based paints became the dominating antifouling paint after the restrictions 

on the use of TBT. However, the use of copper-based paints is already being 

restricted in some countries and will likely be banned in the near future7,8. For 

example, the use of copper based coatings on recreational boats has already been 

banned in the ports of San Diego and Washington9. The increase in legislation, 

ecological awareness and the high costs for the registration of antifouling paints 

containing toxic biocides has led to renewed interest in the development of non-toxic 

alternatives, such as fouling release coatings that incorporate silicone or fluorinated 

elastomers, waxes or (silicon) oils6–8,10. Other alternative fouling release coatings that 

are being investigated are: highly hydrated coatings (hydrogels), zwitterionic 

coatings, surface structured coatings, enzymatic coatings, amphiphilic coatings and 

even stimuli-responsive coatings11–16. Many aspects of a surface have an influence 

on the accumulation of marine fouling organisms and/or the adhesion of biological 

species, in which surface topography, surface tension and surface chemistry play 

major roles. To simplify the classification of all the different coatings, they are 

subdivided based on surface properties: hydrophilic/hydrophobic, flat/structured and 

static/dynamic. For this research the discussion is limited to 

hydrophilic/hydrophobic coatings (surface chemistry) and flat/structured (surface 

topography), with an outlook into stimuli-responsive coatings.  

 

The marine biofouling process entails a series of adhesion and release events that 

take place in an aqueous environment. The basis for understanding these adhesion 

events is found by investigating surface energy and wetting theory17,18. In addition 

to attachment of organisms, their release from surfaces, called ‘fouling release’, is 

also influenced by their strength of adhesion. The energy required to replace a 

solid-water contact with a solid-biological matter contact controls biological 

attachment and the spread of marine organisms on submerged surfaces in the marine 

environment. Altering the surface chemistry and/or topography can modulate the 

energy required to complete this wetting transition.  
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Several reviews have described the effects of surface chemistry, topography or 

combinations of the two on the attachment of marine fouling organisms6,17–19. In this 

chapter a brief introduction in antifouling coating will be given with some illustrative 

examples. First surface chemistry will be discussed in section 1.2 Surface chemistry 

in antifouling coating and secondly in section 1.3 Surface structred coatings. 

Finally in section 1.5 Stimuli responsive coatings and their application as 

antifouling coatings will be discussed.  

  

1.2 Surface chemistry in antifouling coatings 
The surface chemistry of a submerged substrate is a key determinant of the adhesion, 

stability and release of a fouling organism. Baier developed a model, called the Baier 

curve, for selecting antifouling materials on the basis of the initial critical surface 

tension measured on a variety of substrata with different surface chemistries5. The 

Baier curve relates the degree of fouling retention to the critical surface tension 

(CST) of the substrate. The CST corresponds to the surface tension of a liquid which 

perfectly wets the solid surface, i.e. has a contact angle of 0°. Minimal fouling is 

retained at CSTs of 20-30 mN m-1, which constitute hydrophobic coatings, such as 

fluorocarbon and silicone materials, and above 70 mN m-1, which are hydrophilic 

materials, such as hydrogels20.  

 
Figure 1.4: The Baier curve: the degree of biofouling retention is plotted against the critical surface 

tension of a substrate5. Reprinted with permission from Kirschner, C. M., and Brennan, A. B., Bio-

Inspired Antifouling Strategies, Annual Review of Material Research, 2012, 42, 211–229. Copyright 

2012 Annual Reviews. 
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1.2.1 Hydrophilic coatings 

It has been known for a long time that hydrophilic surfaces, including polymer 

brushes or hydrogels, can prevent the adhesion of proteins. In Figure 1.5, a 

schematic representation is shown of a polymer brush. Hydrophilic polymer brushes 

can be made from a wide variety of different hydrophilic polymers, such as 

poly(ethylene glycol), poly(acrylic acid) or polysaccharides21–24. These coatings are 

interesting from a fundamental point of view because they show a strong reduction 

in protein adhesion but are of limited practical use due to their fragile nature. 

Polymer brushes are easily damaged and any damage decreases the functionality of 

the whole polymer brush coating24.  

 
Figure 1.5: Schematic representation of polymer brushes that are able to repel bacteria, cells and 

proteins22. Reprinted with permission from Chen, H., et al., Molecular Understanding and Structural-

Based Design of Polyacrylamides and Polyacrylates as Antifouling Materials, Langmuir, 32, 14, 3315-

3330. Copyright 2016 American Chemical Society. 

 

A more practical coating than a polymer brush is obtained by fabricating a hydrogel 

coating. A hydrogel coating generally consists of a cross-linked polymer network 

which demonstrates a high degree of swelling in water25. Similar to hydrophilic 

polymer brushes, hydrogel coatings have highly hydrated surfaces and show 

excellent antifouling activity for a variety of marine organisms23,25–28. For example, 

Murosaki et al. showed a reduction in fouling of ~80% between a polyvinyl alcohol 

hydrogel and a polyethylene reference28.  
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It has also been shown that, in addition to its surface chemistry, the low elastic 

modulus and high compliance of the hydrogel substrate also help to reduce 

settlement and adhesion of marine organisms28–30. 

 

1.2.2 Hydrophobic coatings 

As was shown in the Baier curve in Figure 1.4, there is a minimum of biological 

retention at a critical surface tension of 20 to 30 mN m-1. This range of critical surface 

tension is attributed to the use of silicone elastomers or fluoropolymers. The low 

surface energy of these materials results in weak adhesion of polar molecules, which 

include adhesive proteins, and thus accumulated fouling can be removed by 

hydrodynamic shear (sailing at high speeds)9. Coatings based on silicone elastomers 

also have typically low elastic moduli and it was shown by Brady et al. that the 

relative adhesion of hard fouling is proportional to (γE)1/2; where γ is the surface 

energy and E is the elastic modulus28–30.  

 

The low elastic modulus combined with the low surface energy of the silicone 

elastomers makes these materials a very popular choice for many commercial fouling 

release coatings. Although silicon elastomers have already been widely investigated 

for their fouling release performance since the early 1970s, the technology only took 

off in the late 1990s due to new legislation and restrictions of biocidal coatings, 

specifically TBT based coatings31. Hydrophobic liquids, such as silicone oils, 

paraffin and mineral oils, are often added to silicone elastomer coatings because it 

boosts the performance10,31–34. For example, it has been shown that the addition of a 

hydrophobic liquid improves the fouling release properties against several marine 

organisms, such as macroalga (Ulva linza) and barnacles (Amphibalanus. 

amphitrite); on the other hand, it can have the opposite behavior on the release of 

bacteria (Cellulophaga lytica) and diatoms (Navicula incerta)10,34.This highlights the 

difficulty of the antifouling challenge because marine organisms have different 

attachment mechanisms across species and strains18,35.  
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Figure 1.6: Schematic representation of a silicone oil modified siloxane-polyurethane fouling release 

coating system as shown by Galhenage et al.: the silicon oil in the top layer of the coating improves 

fouling release properties against several marine organisms10. Reprinted with permission from 

Galhenage, T.P., et al., Fouling-Release Performance of Silicone Oil-Modified Siloxane-Polyurethane 

Coatings, ACS Appl. Mater. Interfaces, 2016, 8, 29025–29036. Copyright 2016 American Chemical 

Society. 

 

For instance, the different settlement mechanisms of, two types of marine algae, 

green alga (Ulva linza) and diatoms (Navicula incerta), illustrates the antifouling 

challenge. The diatoms adhere strongly to hydrophobic surfaces, while Ulva spores 

adhere weakly to hydrophobic surfaces35. Consequently, hydrophobic coatings based 

on silicone elastomers and fluoropolymers are efficient in the release of Ulva upon 

sailing, while hydrophilic coatings, like poly(ethylene glycol) hydrogels, show 

efficient release of diatoms but neither of them are efficient as a universal antifouling 

coating34–37.  

 

Thus, designing a coating with either strictly hydrophilic or hydrophobic surfaces to 

combat marine biofouling will not likely lead to a coating having a broad spectrum 

of fouling release performance. Another type of coating that could potentially be 

used as a broad range fouling release coating is an amphiphilic coating, having both 

hydrophilic and hydrophobic components15,35,38–43. 
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1.2.3 Amphiphilic and omniphobic coatings 

Although amphiphilic coatings are still relatively new, several studies of novel 

amphiphilic coatings, usually based on block copolymers, have shown reduced 

settlement and improved removal of both Ulva spores and diatoms43,44.  

 

A common feature of the best fouling release coatings based on silicone elastomers 

and amphiphilic block copolymers have employed a dynamic component. Silicone 

elastomers have performed better upon addition of a liquid that migrates to the 

surface. The surface active liquid creates a thin, but mobile, layer at the top of the 

coating that makes it difficult to adhere to the coating. An extreme case of such a 

dynamic surface is a fully liquid surface to which nothing can adhere.  

 

 
Figure 1.7: An example of the rearrangement of an amphiphilic block copolymer coating: A) 

amphiphilic copolymer blocks can be seen in an atomic force microscopy (AFM) measurement before 

exposure to artificial seawater and B) AFM measurement of the amphiphilic coating after being 

submerged in artificial seawater for 7 days45. Adapted from Martinelli, E., Nanostructured Films of 

Amphiphilic Fluorinated Block Copolymers for Fouling Release Application, Langmuir, 2008, 24, 22, 

13138-13147. Copyright 2008 American Chemical Society. 

 

This concept of having a liquid layer to get a non-stick surface is not new: such 

surfaces exist in nature, such as in the pitcher plant46. Several research groups 

explored the fabrication of these slippery liquid-infused porous surfaces (SLIPs) 

which often result in omniphobic surfaces46–50. These concepts are interesting for 

fouling release coatings as the surfaces are extremely mobile with a dynamic surface 

component, and are able to repel hydrophilic and hydrophobic liquids51,52.  
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Another option is amphiphilic block copolymers that are able to reorder under 

(sea)water, which changes its surface chemistry and roughness, see Figure 1.710,31–

34,45,53. It is expected that the dynamic surface component of such coatings contributes 

greatly to the reduction in biofouling settlement and increase in fouling release 

properties.  

 

In conclusion, there are two basic types of surface chemistries for antifouling 

coatings; hydrophilic and hydrophobic. However, different organisms have different 

attachment mechanisms and neither hydrophilic nor hydrophobic surfaces are able 

to deter all organisms. A possible solution is the fabrication of surfaces with both 

hydrophilic and hydrophobic components (amphiphilic) or the fabrication of 

surfaces that are able to repel both hydrophilic and hydrophobic liquids 

simultaneously (omniphobic). The key aspect of both of these fouling release 

coatings seems to be the dynamic surface component as can be found in commercial 

fouling release coatings, due to a hydrophobic liquid in the coatings31.  

 

1.3 Surface structured coatings 
It has been extensively shown in the literature that surface structured coatings have 

an effect on settlement of various marine organisms, such as green algae spores, 

barnacle cyprids and diatoms13,54–58. The reduction of settlement of these marine 

organisms is thought to be based on the attachment point theory58–60.  

 

The number of attachment points is associated with the mismatch in size between 

the marine organism and the surface topography of the specific coating. When the 

marine fouling organism is larger than the dimensions of the surface topography, the 

adhesion strength is reduced due to fewer attachment points between the organism 

and the substrate. In contrast, marine organisms with a size smaller than the 

dimensions of the surface topography will have more attachment points, and thus 

adhere more tightly to the substrate58–60. The attachment point theory is schematically 

represented in Figure 1.8. 
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Figure 1.8: A schematic illustration of attachment points by (a) diatoms on a smooth surface - multiple 

attachment points. (b) Diatoms on structures larger than the size of the diatom - multiple attachment 

points; (c & d) Diatoms on smaller structures than the size of the diatom - 3 and 2 attachment points, 

respectively59. Adapted with permission from Scardino, A., et al., Testing attachment point theory: 

diatom attachment on microtextured polyimide biomimics, Biofouling, 2006, 22, 1, 55-60. Copyright 

2006 Taylor & Francis. 

 

This theory suggests length scale of the target organism needs to be considered when 

developing surface structures for use as fouling release coatings. The length scale of 

typical marine fouling organisms can range several orders of magnitude, from 

bacteria (0.25 - 1 µm) and green algal spores (5 - 8 µm for Ulva) to barnacle cyprids 

(~500 µm) and adult marine organisms like mussels (~5-8 cm), see Figure 1.93,6,55.  

Besides the overall dimensions of fouling organisms, the scale and function of their 

settlement sensory organs, which in most cases are used to explore the surface, must 

also be taken into consideration for example antennules of a barnacle cyprid13. These 

length scale differences between the marine fouling organisms make the design of 

an effective universal surface topography challenging.  
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Figure 1.9: (a) Bacteria (scanning electron micrograph (SEM)), (b) false-colour SEM of motile, spores 

of the green alga (seaweed) Ulva Linza, (c) false-colour environmental SEM image of settled spore of 

Ulva showing secreted annulus of swollen adhesive, (d) SEM of diatom (N. Incerta), (e) larva of tube 

worm, Hydroides elegans, (f) barnacle cyprid larva (A. amphitrite) exploring a surface by its paired 

antennules, (g) adult barnacles, (h) adult tubeworms (H. elegans), (i) adult mussels showing byssus 

threads attached to a surface, (j) individual plants of the green alga (seaweed) Ulva. The diagram is 

intended to indicate relative scales rather than absolute sizes; individual species within a group can 

vary significantly in absolute size3. Reprinted with permission from Callow, J.A., et al., Trends in the 

development of environmentally friendly fouling-resistant marine coatings, Nature Communication, 

2011, 2, 244. Copyright 2011 Nature Publishing Group.  

 

1.3.1 Nanostructured coatings 

It is well known that fouling follows successive steps, and bacteria, diatoms and 

other microorganisms settle in a manner of minutes on a submerged surface, in turn 

attracting more marine fouling organisms4,6. Therefore, a promising strategy is to 

create nano-scale structured antifouling coatings to reduce the initial settlement of 

the microorganisms, stopping the succession of events in the beginning. Several 

studies have already shown that the settlement of bacteria and cells is influenced by 

nanostructured surfaces14,61–64. For example, Perera-Costa et al. showed that 

nanometer high topographies resulted in a substantial reduction (30 - 45%) in 

bacterial adhesion, relative to a smooth control63. An example of the nanoscale 

topographies used by Perera-Costa et al. is shown in Figure 1.10. 
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Figure 1.10: An example of the nano structured surfaces used by Perera-Costa et al.. Optical 

representative images of (A) S. epidermidis, (B) E. coli, and (C) B. subtilis adhering to 

polydimethylsiloxane surfaces containing square pillars of 115.6 nm height, recessing circular features 

of 19.9 nm depth, and ridge/channels of 19.9 nm depth/height, respectively63. Reprinted with permission 

from Perera-Costa, D., Studying the Influence of Surface Topography on Bacterial Adhesion using 

Spatially Organized Microtopographic Surface Patterns, Langmuir, 2014, 30, 4633–4641. Copyright 

2014 American Chemical Society. 

 

Although most marine fouling organisms are an order of magnitude larger than the 

nanoscale structures, it was shown previously that nanoscale architectures can still 

reduce settlement, in agreement with the attachment point theory59,61,65. For example, 

a nano-rough superhydrophobic surface was shown to be a potential antifouling 

coating for several marine organisms, including relatively large barnacle cyprids 

(~500 µm)61,65.  

 

In conclusion, nanostructured surfaces reduce settlement of marine fouling 

organisms, but are more suitable for bacteria than for larger marine organisms. 

Nanostructured coatings could be a very effective strategy for antifouling coatings, 

specifically targeting the prevention of formation of the conditioning films. 

 

1.3.2 Microstructured coatings 

Marine organisms have their own antifouling strategies; a few examples of marine 

organisms that use a surface topography to prevent fouling are sharks, whales, crabs 

and mussels, and nature’s topographical antifouling strategies have been an 

inspiration for many research studies56,57,66–72.  
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For example, Schumacher et al. showed microstructure geometries with different 

aspect ratios reduce settlement of Ulva spores and barnacle cyprids13,55. A reduction 

in settlement as high as 97% was achieved for barnacle cyprids by using a Sharklet 

AFTM surface structure, see Figure 1.11 for SEM images of the Sharklet AFTM 

surface structures55.  

 

 
Figure 1.11: SEM images of the barnacle specific engineered topographies fabricated by Schumacher 

et al.: (A) barnacle-specific Sharklet AFTM topography fabricated at feature heights of (B) 20 mm and 

(C) 40 m55. Reprinted with permission from Schumacher, J., et al., Species-specific engineered 

antifouling topographies: correlations between the settlement of algal zoospores and barnacle cyprids, 

Biofouling, 2007, 23, 307–317. Copyright 2007 Taylor & Francis.  

 

Although the engineered microstructured surfaces were successful against settlement 

of both Ulva spores and barnacle cyprids, the geometries of the surfaces for the 

respective organisms are completely different. For the Ulva spores, a critical 

dimension (i.e. structure width and spacing) of 2 µm was found, while for barnacle 

cyprids it is one order of magnitude larger at 20 µm55. The length scale differences 

between these two marine fouling organisms highlights the challenge of designing a 

universal surface in a structured antifouling coating, as one length scale may not 

function effectively against all organisms. 

  



Chapter 1 

 

16 
 

1.3.3 Hierarchical structured coatings 

Several studies investigated hierarchical surface topographies and their influence on 

a broad spectrum of marine fouling organisms55,66,69,73. Efimenko et al. showed that 

hierarchically structured polydimethylsiloxane (PDMS) coatings could be fabricated 

with wrinkles ranging from 50 nm to 500 µm73. The hierarchically wrinkled surfaces 

showed minimized fouling by barnacles for up to 12 months during field trails and 

the fouling that occurred could be easily removed, although some cells and/or spores 

would remain in between some of the wrinkles73.  

 

Hierarchical structures can also be found in nature, such as on crab shells and these 

structures have often been copied in the laboratory to test their antifouling 

behaviour66,69. However, Bers et al. showed that surface topographies alone are not 

sufficient to provide efficient protection against marine biofouling. Marine 

organisms have multiple defence mechanisms to keep themselves clean, such as 

burrowing and moulting69.  

 

In conclusion, surface topographies on the nanometre or micrometre scale (or even 

both) can reduce settlement of several marine organisms. However, this reduction is 

likely to only retard the accumulation of biofouling and eventually cleaning will be 

necessary. Therefore, an interesting new direction for study is stimuli-responsive 

antifouling coatings, where surfaces can change their morphology, surface chemistry 

and/ or topography. 

 

1.4 Stimuli-responsive antifouling coatings 
Nature offers several solutions for fouling that have not been explored in current 

antifouling coatings. An enormous number of biological surfaces clean themselves 

through active deformation and motion74. Here, stimuli-responsive coatings that can 

be triggered to change the coatings surface chemistry and/or topography are briefly 

discussed. 
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Figure 1.12: Example of the dynamic topography described by Shivapooja et al.: detachment of 

bacterial biofilms from dielectric elastomers under voltages. a) Schematic illustration of the laminate 

structure, actuation mechanism, and the detachment of a bacterial biofilm. b) The applied electric field 

can induce significant deformation of the elastomer surface as given by the contours of the maximum 

principal strain. c) The deformation detaches over 95% of a biofilm (Cobetia marina) adhered to the 

elastomer surface, which is periodically actuated for 200 cycles within 10 minutes66. Reprinted with 

permission from Brzozowska, A., Biomimicking micropatterned surfaces and their effect on marine 

biofouling, Langmuir, 30, 30, 9165-9175. Copyright 2013 John Wiley and Sons. 

 

Several studies have attempted to create dynamic coatings that can change surface 

chemistry and/or topography using external triggers75–79. In some studies the 

dynamic antifouling coatings are based on the physical deformation of the coating 

to release fouling. For example, Shivapooja et al. fabricated elastomer surfaces 

capable of dynamic deformation in response to external voltage and air pressure, see 

Figure 1.1275. It was shown that as much as ~95% of the biofilms detached, from 

the surface upon the application of the external stimuli in these studies75,76. Other 

dynamic or responsive coatings are based on changing the surface chemistry and/or 

topography by temperature, pH or voltage14,16,78,80,81. Although some of these novel 

techniques show promising results, they have yet to be implemented in antifouling 

coatings. It could be a challenge to implement some of these techniques in practical 

applications, because temperature or pH differences are too minor or gradual to 

create an effective response, for instance. 
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 1.5 Aim and outline of the thesis 
In this chapter it has been shown that there are multiple methods to reduce settlement 

of marine biofouling and/or increase fouling release properties of a coating. 

However, it is clear that for every method that is used there are advantages and 

disadvantages, for example: a hydrophilic surface reduces settlement of diatoms, but 

increases that of Ulva spores. This shows that the creation of a universal antifouling 

coating is a challenge. The specific settlement mechanisms of the fouling organisms 

is extremely complex and outside the scope of this thesis. 

 

A promising direction is the synergistic implementation of several methods, in 

particular the use of liquids to create dynamic surfaces. Therefore in this PhD 

research the focus is on implementing surface topographies combined with 

hydrophobic liquids with low surface energy, low modulus polymers to create novel 

fouling release coatings. Novel surface relief structured fluoropolymer and fluorogel 

coatings are investigated and their antifouling properties are investigated.  

 

The combination of surface structuring with an inert perfluorinated oil gives these 

fluorinated coatings two strategies to deter and/or release marine biofouling. By the 

use of photo-embossing these surface relief structures can be easily tuned to a 

specific application by adjusting illumination parameters and/or photomasks and can 

be fabricated on a large scale. Micron-sized riblets can be produced by a moulding 

technique in the fluoropolymers that demonstrated that these materials can also be 

used to create hydrodynamic drag reducing structures.  

 

It is shown that by vertical photo-induced diffusion the surface properties of the 

fluorinated coatings can be tuned. Finally a stimuli-responsive surface relief 

structured hydrogel is demonstrated that is able to switch from a flat state to a 

structured state with temperature.  
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In chapter 2 a new method is explored based on photo-embossing that provides the 

ability to create surface relief in fluorinated elastomers. The height and shape of the 

surface relief structures is tuned by changing processing conditions such as energy 

dose, monomer composition and solvent volume fraction. Surface relief structures 

with heights of up to 9 µm were obtained using a photomask with a 40 µm pitch. 

Furthermore surface relief structures with a broad range of shapes and dimensions 

can be created with appropriate photomasks.  

 

In chapter 3 it is demonstrated that these materials can be photo-embossed in the 

presence of (perfluorinated) solvents/oils. The addition of some organic solvents 

enhances the photo-embossing process to create higher surface relief structures. The 

addition of the perfluorinated oils has no significant influence on the height obtained 

by photo-embossing. However, it is observed the fluorinated oils tend to accumulate 

in the valleys of the surface structures above 10 vol% of a perfluorinated oil.  

 

In chapter 4 flat and surface structured fluoropolymer coatings are fabricated with 

several volume fractions of perfluorinated oils. These fluoropolymer coatings were 

tested for their antifouling performance for biofilm, diatoms and barnacle cyprids. 

Compared to PDMS, these surface structured fluoropolymers exhibit an increase in 

the amount of accumulated biofouling for all three antifouling tests. The coatings 

outperform PDMS, and one of the best commercial fouling release coatings 

(Intersleek 757) in fouling release properties of juvenile barnacles if more 

than 10 vol% of a perfluorinated oil is added to the fluoropolymer coating.  

  

Chapter 5 describes the vertical photo-enforced diffusion of the fluorinated 

meth(acrylates) to produce a coating of which the surface properties can be tuned by 

light. By the addition of a photo-absorber, a light gradient in the thickness of the 

coating was created.  
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This induces monomer diffusion from the bottom of the coating to the top, or vice 

versa. It was shown that compositional gradients are achieved for different monomer 

ratios and it was shown that surface properties of the coatings can be tuned by the 

compositional gradient. 

 

In chapter 6 a method is described to create hydrodynamic drag reducing riblets in 

the fluoropolymers. It is shown that these riblets can be produced on a small lab scale 

and on an industrial scale on large surfaces. The riblets were characterised by 

scanning electron microscopy which showed good reproduction of the mould and 

sharp tips. The fluorinated riblet coatings were tested for hydrodynamic drag 

reduction and a drag reduction of 4.1% was obtained. This somewhat low drag 

reduction was attributed to the slight difference in riblet geometry, compared to ideal 

geometry and to fabrication defects on the riblet tips. 

 

In chapter 7 a novel method for making a stimuli-responsive surface relief 

structured hydrogel coating is described as a potential fouling release coating. The 

method uses a photo-cross-linkable terpolymer to create a hydrogel coating with a 

switchable surface structure that responds to changes in temperature. Simple and 

complex surface structures were created using single or multiple ultraviolet (UV) 

illumination steps through masks and it is shown that the hydrogel coatings can be 

reversibly switched from a structured state to a flat state with temperature. 

 

Finally, in chapter 8 the future steps for antifouling coating research are briefly 

discussed. 
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Chapter 2 

Tunable surface topography in 
fluoropolymers using photo-embossing 

 
 

 
Abstract 

 

New methods that allow creation and tunable control of surface relief in polymer 

films are of key interest in the search for novel low surface energy materials. For 

example, photochemically cross-linked (ultraviolet light cured) high-performance 

fluoropolymer films with engineered surface relief structures of precisely defined 

shapes and dimensions can have widespread applications. Here, a fabrication method 

is reported based on photo-embossing that provides the ability to create surface relief 

structures in fluoropolymers. The height and shape of the surface relief structures 

can be altered as desired by changing the processing conditions such as energy dose, 

monomer composition, the type of solvent and solvent volume. Surface relief 

structures with heights of up to 9 µm have been obtained using a photomask with a 

40 µm pitch. It is demonstrated that surface relief structures with a broad range of 

shapes and dimensions can be created, if appropriate photomasks are used. 
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2.1 Introduction 
The ability to easily generate surface relief structures in a controlled manner in films, 

coatings and/or fibres based on fluoropolymers with a low surface energy is highly 

desirable from a commercial viewpoint and has many practical applications, see also 

Chapter 11. Material surfaces are rarely smooth at the micro or nanoscale and often 

incorporate random or non-random surface relief structures and shapes from either 

the manufacturing process or during subsequent application2. However, the ability 

to precisely control surface relief structures is key to many industrial processes for 

example, in silicon chip manufacture, in drag-reducing surfaces, superhydrophobic 

or superoleophobic surfaces or on smart switchable materials for various 

applications3–7. Thus novel, cheap and facile methods of generating tunable surface 

relief structures are of continued widespread interest6. Control of surface relief 

structures is also of importance in biotechnology applications, where control of 

surface roughness at the micro- and nanoscale can have important implications in 

the production and performance of technologies such as body implants and 

prostheses, in dental work and surgical devices8,9. Bacterial or mammalian cell 

behaviour has been shown to be affected at interfaces by surface relief structures, 

and it currently appears that cell removal, mobility and survival are all influenced by 

the shape and chemical nature of the surface relief structures present10. 

 

Fluoropolymers are of general interest for applications such as antifouling due to 

their stability, low surface energy and their suitability for application as coatings11,12. 

Omniphobic surfaces (surfaces with the capability to repel various simple and 

complex liquids e.g. water, hydrocarbons, crude oil or blood) can also be produced 

using micro-patterned cross-linked fluorogels containing perfluorinated oils such as 

perfluorotripentylamine11,13. The ability to tune both the bulk material and surface 

properties for precise control over the physical properties and corresponding 

behaviour of the material has important advantages for a variety of applications11,14.  
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Many methods that are currently utilised for creation of controlled surface relief 

structures require one or more development and/or chemical etching steps, or are 

made via contact embossing or mould replication15–17. The use of a mould often 

limits the height of the surface relief structured to predefined dimensions. Here, it is 

demonstrated that photo-embossing, a convenient and economic process to form 

complex surface relief structures in polymer thin films, provides a convenient, 

reproducible and tunable method of creating surface relief in fluorinated polymers. 

It is demonstrated that the creation of well-defined surface relief structures is 

possible, and that the aspect ratio (height/width) and feature height can be tuned by 

altering the pitch (the width of one period) of the photomask grating, energy dose, 

monomer composition, and the addition of solvents. 

 

Formation of surface relief structures during photopolymerisation and the UV-curing 

process as described here for a fluorinated (meth)acrylate system has a number of 

advantages. When compared to thermally induced polymerisation for example (i) the 

polymer formation is relatively fast, (ii) it is carried out at room temperature, (iii) the 

initiation permits local polymerisation as it only occurs in the illuminated areas, (iv) 

the method does not require chemical etching and (v) it has the potential to be scaled-

up to produce surface relief over larger surface areas. Photo-embossing using 

ultraviolet (UV) photopolymerisation, as a means of producing patterned polymers 

for use in optical and display applications, has proven to be a versatile and facile 

means of patterning materials. The polymerisation reaction is only initiated in areas 

illuminated with UV light and the subsequent change in chemical potential provides 

a driving force for the monomers in the non-illuminated areas to diffuse to the 

illuminated areas18,19. Differences in UV light intensity, energy dosage, temperature, 

grating pitch, monomer size and reactive groups, inhibitors, reversible addition-

fragmentation chain-transfer (RAFT) agents, polymer binder and monomer/polymer 

ratios can be tuned to produce different surface relief structures20–27. 
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In the system described here, diffusion of the monomers to the illuminated regions 

of the sample results in an increase in height of the resulting polymer in these regions. 

Previous work by Leewis et al., provided a comprehensive model of the mechanism 

of photo-embossing based upon the Flory-Huggins model of thermodynamic 

interactions within monomer-monomer and monomer-polymer solutions, showing 

the influences of monomer reactivity, concentration gradients, cross-linking ability, 

size, shape and monomer-polymer interaction effects for different mono- and 

di(meth)acrylate monomer systems18,19. The model thus developed allows prediction 

of monomer migration patterns within different systems and ultimate selection of 

different monomers and conditions for the final application (optical gratings, optical 

diffusers, relief structures etc.)18,19. The subsequent work of Sanchez et al., further 

facilitated the application of photo-embossing by systematic study of the effects of 

pattern dimensions, energy dose, development temperature, film thickness, and 

photopolymer blend composition, allowing selection of optimum conditions to 

create the desired surface relief structures20,21. Greater aspect ratios were achieved 

by Hermans et al. and Perelaer et al. through the addition of RAFT agents and later 

by Hughes-Brittain et al. by varying the polymer binder of the photopolymer blend22–

25.  

 

In contrast to the process described here, the photopolymer mixtures used for 

‘classical’ photo-embossing were designed in such a manner that the photopolymer 

mixtures are below the glass transition temperature (Tg) at room temperature20–24. 

Radicals are generated in the illuminated areas during exposure to UV light with the 

advantage that contact photomask illumination can be performed such that different 

illuminations can be super-imposed to generate, for instance, hierarchical surface 

relief structures. However, due to the lack of mobility in the glassy photopolymer 

monomer, diffusion to the reactive sites is restricted and polymerisation is minimal 

because the free radicals are captured in an immobile glassy matrix. 
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A subsequent heating step increases the mobility in the photopolymer, which allows 

monomers to polymerize in the illuminated areas and diffusion to those areas takes 

place20–26. In contrast to previous studies, fluorinated monomers were utilised here 

to further broaden the range of properties and applications for photo-embossing. The 

system described here consists of a two liquid monomers: a monoacrylate 

(perfluorodecyl acrylate) and a dimethacrylate cross-linker (perfluoropolyether 

dimethacrylate). These monomers, used in combination with a fluorinated lubricant, 

have recently been reported to create omniphobic materials that have subsequently 

shown both shape memory behaviour and excellent anti-adhesion properties for a 

range of protein, blood and mammalian cell assays11. This makes these materials 

particularly interesting for possible antifouling coatings.  

 
2.2 Materials and methods 
A monoacrylate, 1H,1H,2H,2H-perfluorodecyl acrylate (PFDA), was purchased 

from Sigma-Aldrich and a cross-linker, perfluoropolyether dimethacrylate 

(PFPE-DMA, Fomblin® MD40), was provided by Solvay Specialty Polymers. The 

molecular structures of the two fluorinated monomers are shown in Figure 2.1. A 

photoinitiator, Bis(2,4,6-trimethylbenzoyl)-phenylphosphineoxide (Irgacure 819), 

was purchased from BASF and dichloromethane (DCM) was obtained from 

Biosolve. All materials were used without further purification. PFDA was mixed 

with PFPE-DMA in different ratios to yield fluorinated polymer films. It was 

envisioned that the morphology of the fluorogel polymer network could be precisely 

tuned from semi-crystalline to amorphous by specifying the identity and/or amount 

of monomer in the matrix, as was shown by Yao et al.11. The photoinitiator was 

dissolved in DCM, since it is not soluble in the fluorinated monomers, in the desired 

concentration and subsequently added to the monomer mixture. The standard 

mixture has 87 vol% of the monomer mixture (1:1 volume ratio of PFDA and 

PFPE-DMA) and 13 vol% of DCM in which 9 mg mL-1 of photoinitiator was 

dissolved. The naming convention is monomer-cross-linker-vol% monomer, e.g. 

PFDA-PFPEDMA-50. 
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Figure 2.1: The molecular structures of both fluorinated monomers and the photoinitiator are shown 

above. A) Perfluorodecyl acrylate (PFDA), B) Perfluoropolyether dimethacrylate (PFPE-DMA) and 

C) Bis(2,4,6-trimethylbenzoyl)-phenylphosphineoxide (Irgacure 819). 

 

 

2.2.1 Sample preparation 

Glass substrates (3 x 3 cm) were cleaned by means of sonication (in acetone, 15 min) 

followed by treatment in an UV-ozone photoreactor (Ultra Violet Products, PR-100, 

20 min). The surface of the glass substrates were modified by spin-coating a 

3-(trimethoxysilyl) propyl methacrylate solution (1% v/v solution in a 1:1 

water-isopropanol mixture) on the activated glass substrate for 30 s at 3000 rpm. 

After curing for 10 min at 110 °C, the substrates were ready for use. 

 

Substrate-attached photo-embossed films were prepared in home-made cells 

consisting of a lower silane methacrylate functionalized glass slide glued to an upper 

soda-lime glass chromium oxide photomask. The cell was glued together at the edges 

with 2 strips of double sided tape (Tesa, photostrip, thickness ~100 µm) of 2-3 mm 

wide at the edges. A range of photomasks with different feature shapes, dimensions 

and spacing were utilised to determine effects of the grating pitch on obtained feature 

shapes and heights. 
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Figure 2.2: Simplified schematic representation of the method for photo-embossing liquid monomers. 

A) The cell is capillary filled with the liquid monomer mixture. B) The cell is illuminated via the 

photomask and C) subsequently a flood illumination is done via the substrate to polymerize the 

remaining monomers. C) The photomask can then be removed by opening the cell, leaving a 

fluoropolymer with the desired surface relief structure. 

 

The cells were capillary-filled with the monomer-cross-linker mixture and 

subsequently illuminated to UV light (EXFO Omnicure S2000 lamp) with an 

intensity of 5 mW cm-2 in the UVA range (320−390 nm). Cells were subsequently 

turned over for a flood exposure for 128 seconds at 5 mW cm-2 to ensure complete 

polymerisation of the monomer mixture. In Figure 2.2 a schematic representation of 

this procedure is shown. 

 

2.2.2 Characterisation  

The thickness of the resulting films and dimensions of the resulting surface relief 

structures were measured using white light interferometry (Fogale Nanotech 

Zoomsurf 3D).  

A B

C D
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Error bars indicate the standard deviation over a minimum of 6 measurements 

distributed over 2 separate samples. It has to be noted that for the majority of the 

surface relief the slope was too steep to be measured by white light interferometry. 

Height profiles that are shown have an interpolated slope. Scanning electron 

microscopy (SEM, Jeol JSM-5600) was therefore used to confirm the shape of the 

surface relief. Samples were prepared for SEM by adhering films supported with a 

glass substrate to 15 mm aluminium stubs with carbon tape and subsequent 

sputter-coated with Au (approximately 15 nm) in an argon atmosphere. Confocal 

Raman spectroscopy measurements (Horiba Raman fibre microscope Olympus 

BX40) were performed to look at the compositional differences between (non-) 

illuminated areas. The Raman spectroscopy measurements were done in a closed cell 

with an Olympus UPlanApo 100x/1.35 oil immersion objective. 

 

2.3 Results and discussion 
The system described here uses a cell configuration as shown in Figure 2.2, where 

the cell is capillary filled with the liquid monomer mixture. In contrast to ‘classical’ 

photo-embossing the mobility of the monomers is high and polymerisation starts 

immediately upon exposure to UV light. Monomers are immediately able to diffuse 

to the illuminated areas. A (3D) height profile of a photo-embossed film with a 

40 µm pitch is shown in Figure 2.3B.  

 

2.3.1 Height vs. energy dose 

The height of the surface relief structures is dependent on the energy dose during the 

photomask illumination step. By increasing the energy dose, more monomers are 

polymerized in the illuminated areas and therefore monomers diffuse from the 

non-illuminated areas to the illuminated areas, creating a higher surface relief 

structure. It was shown that the height of the surface relief structures increases with 

increasing energy dose (Figure 2.3A). 
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Figure 2.3: A) The height of the surface relief structures increases with increasing energy dose, until 

a plateau is reached after 200-250 mJ cm-2. The effect of the pitch of the photomask grating can also 

be seen, where increasing the pitch results in higher surface relief structures. An example of a typical 

3D (B) and a 2D height profile (C) of structures generated using a photomask with a 40 µm pitch and 

an energy dose of 640 mJ cm-2 is shown.  

 

A plateau in height is reached at energy doses higher than 200-250 mJ cm-2 which 

indicates that gelation or vitrification occurs which prohibits further diffusion. In 

Figure 2.3A the dependence of height on energy dose is shown for several line 

patterns ranging from a pitch of 40 µm to 5 µm (with a transparency ratio of 0.5). 

Larger pitches result in higher surface relief structures, because more material was 

able to diffuse to the illuminated areas. 

 

2.3.2 Height vs. composition 

The effect of the monomer mixture composition on the height of the surface relief 

structures was also investigated. Only the monomer ratio was varied and all other 

variables were kept constant. In Figure 2.4, it can be seen that the height of the 

surface relief structures is dependent on the composition of the monomer mixture.  
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Because the PFPE-DMA has a relatively high molecular weight (4200 g mol-1) and 

the PFDA a comparatively low molecular weight (518 g mol-1), viscosity differences 

occurs with different monomer mixture ratios. Upon increasing the amount of PFDA 

the monomer mixture becomes less viscous and therefore the mobility of the 

monomers increases and the diffusion of the monomers to the illuminated areas 

increases. 

 
Figure 2.4: Increasing the volume percentage (up to 75 vol%) of PFDA decreases the viscosity 

resulting in generally higher surface relief structures. However, above 75 vol% PFDA the height 

decreases due to the changes in optical properties of the film during polymerisation. 

 

An increase in PFDA content leads to higher surface relief structures. However, this 

does not hold for the highest amount of PFDA (95 vol%) and this is likely due to the 

polymer film becoming semi-crystalline and opaque during polymerisation at high 

volume percentages of PFDA which is in agreement with the results reported by 

Yao et al.11. The semi-crystallinity leads to light scattering towards the 

non-illuminated areas, resulting in lower surface relief structures as the light 

intensity difference between the illuminated and non-illuminated areas decreases. 

 

2.3.3 Height vs. solvent 

The results presented in Figure 2.3 and 2.4, DCM (13 vol%), was used to dissolve 

the photoinitiator in the fluorinated monomer mixtures. This procedure was adopted 

due to insolubility of the photoinitiator in the monomers.  
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The added volume percentage of DCM was varied to study the effect on the resulting 

surface relief structures. Figure 2.5A shows that the volume percentage of DCM 

influences the height of the surface relief structures. The observed effects were 

caused by the increase in mobility of the monomers with increased vol% of solvent. 

  

 
Figure 2.5: A) The height of the surface relief structures is increased by increasing the amount of DCM 

in the photo-embossing mixture. The increase in solvent increases the mobility of the reactive 

monomers. B) A SEM image of PFDA-PFPEDMA-50 with 40 vol% DCM at a 40 µm pitch. The surface 

relief structures are approximately 9 µm high, as can be seen in the height profile (C). 

 

The enhanced mobility of the monomers enables the creation of surface relief 

structures up to 9 µm in height with a photomask pitch of 40 µm. Upon opening the 

cell, the DCM evaporates and only the photo-embossed fluoropolymer film remains. 

A SEM image of such a photo-embossed surface relief structure is shown in 

Figure 2.5B. The thickness of the fluoropolymer films were measured for increasing 

volume percentages of solvent, showing a decrease in final film thickness with 

increasing volumes of solvent, see Figure 2.6. The initial film thickness was 

determined by cell spacers which were approximately 100 µm thick and the 

difference in initial and final film thickness approximately corresponded to the 

volume percentage of solvent. 
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Figure 2.6: The thicknesses of the polymerised films with different volume percentages of DCM were 

measured. The decrease in thickness of the films corresponds to the volume percentage of DCM. 

 

2.3.4 Compositional changes due to photo-embossing 

Confocal Raman spectroscopy was used to determine the local composition of the 

fluoropolymer. In Figure 2.7 the Raman spectra of PFDA and of PFPE-DMA are 

shown. In the case of PFDA, a characteristic peak at 725 cm-1 was observed which 

originates from the CF3 vibration in the molecule. For PFPE-DMA the characteristic 

C-O-C peak at 825 cm-1 was used to determine the content of the cross-linker.  

 
Figure 2.7: The Raman spectra for PFDA (black line) and for PFPE-DMA (red line)). For PFDA the 

characteristic peak at 725 cm-1 from the CF3 vibration is used. For PFPE-DMA the characteristic 

C-O-C peak at 825 cm-1 is used to determine its presence. 
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The composition of the fluoropolymer film was scanned in the middle of the sample 

and the scanning direction was perpendicular to the photo-embossed line pattern. In 

Figure 2.8A the Raman spectra are shown versus the measurement position. Four 

pitches were measured as can be seen in the schematic of Figure 2.8B. The CF3 peak 

(at 725 cm-1) of PFDA has a higher intensity in areas that were illuminated through 

the photomask. The opposite is observed for the intensity of the C-O-C peak (at 825 

cm-1) of the PFPE-DMA, which has a higher intensity in the non-illuminated areas. 

This indicates that the PFDA diffuses to the illuminated areas. Similar to the height 

profiles, it appears that the monomer diffusion of the PFDA towards the illuminated 

areas leads to an increase in width of the surface relief structures, compared to the 

original photomask.   

 

Figure 2.8: A) The Raman spectra of a PFDA-PFPEDMA-50 photo-embossed film with respect to 

position. It can be seen that that CF3 peak (at 725 cm-1) of PFDA has a higher intensity in the areas 

illuminated through the photomask. The opposite can be seen for the intensity of the C-O-C peak 

(at 825 cm-1) of the PFPE-DMA, which has a higher intensity in the non-illuminated areas. This 

indicates that the PFDA diffuses to the illuminated areas. B) Schematic overlay of Figure 8a with the 

(non-) illuminated areas through the photomask.  

 

This can be observed in Figure 2.8A where the high intensity area of the CF3 peak 

was broader than the photomask dimension of 20 µm. The composition of the 

fluoropolymer was also investigated through the thickness of the film.  
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In Figure 2.9, it is shown that the composition varies along the surface relief 

structures, but that the composition is constant throughout the thickness of the film. 

This indicates that the monomer diffuses from the non-illuminated to the illuminated 

areas through the whole thickness of the film.  

 

The results obtained with confocal Raman spectroscopy sheds light on the 

photo-embossing mechanism for this fluorinated monomer system and is in 

agreement with the model proposed by Leewis et al.18,19. The model of Leewis et al. 

is based on thermodynamic interactions within monomer-monomer and monomer-

polymer mixtures and highlights the importance of monomer reactivity, 

concentration gradients, cross-linking densities, size, shape and monomer-polymer 

interaction effects for different mono- and di(meth)acrylate monomer systems18,19.  

 

The key differences in this fluorinated monomer system are: molecular weight, 

(number of) reactive groups and the addition of a solvent. The PFPE-DMA has a 

molecular weight of 4200 g mol-1 and has two methacrylate groups and the PFDA 

has a molecular weight of 518 g mol-1 and has one acrylate group. The reactivity of 

the methacrylate groups are low in comparison to the acrylate group of the PFDA 

and the molecular weight of the PFPE-DMA is four times higher than that of PFDA. 

This results in a faster diffusion of the PFDA compared to the PFPE-DMA, which 

has been confirmed by confocal Raman spectroscopy, see Figure 2.8 and 2.9. This 

is comparable by the polymerisation induced diffusion process shown by Liu et al.28. 

Liu et al. showed that the size of the cross-linker used in a polymerisation induced 

diffusion process is key in determining which molecule diffuses to the illuminated 

areas during polymerisation28. 
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Figure 2.9: Raman spectra of the CF3 peak at 725 cm-1 (top) and of the C-O-C peak at 825 cm-1 

(bottom). It can be seen that the composition varies along the position of the sample (perpendicular to 

the photomask lines) and that the composition is constant throughout the thickness of the film. The 

black area on the bottom of the graphs is the glass substrate. 

 

2.3.5 Different patterns 

To demonstrate pattern fidelity and the range of structures that can be produced using 

this method different structured coatings were produced by different masks. Figure 

2.10 shows several examples of different patterns produced by photo-embossing 

with different masks. The technique for generating surface relief structures described 

here has the potential to be scaled up for application on larger surfaces. The 

flexibility and simplicity of the photo-embossing technique, combined with the 

chemical simplicity of the fluoropolymer blends, as shown by Yao et al., mean that 

this system could be combined in a range of application environments11. 

Mask
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Figure 2.10: Example scanning electron micrographs demonstrating the versatility of the surface relief 

structures that can be generated in the fluoropolymer materials including: lines, triangles, hexagons 

and circles. All samples are made with a PFDA-PFPEDMA-50 monomer mixture with 13 vol% of 

DCM. Energy dose was 640 mJ cm-2 for mask and flood exposure and the height of the surface 

structures ranged from 1-3 µm depending on the shape of the feature.  

 
For example, large area mould application techniques shown by Stenzel, et al. can 

be easily modified to be compatible with this technique29. The adjustments that 

would be necessary for compatibility with this technique could include changing the 

flexible mould to a flexible photomask and adding an UV lamp underneath the foil 

substrate. 

 

The low surface energy of the fluoropolymer would ease removal of the film from 

the flexible photomask. There are, however, limitations to the photo-embossing 

method including a limited range of aspect ratios and surface relief heights. 

Particularly for low aspect ratio surface relief structures, the photo-embossing 

method is versatile and the height of the surface structures can be changed by 

adjusting the energy dose and/or intensity without the need for replacing the 

photomask.  
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2.4 Conclusions 
It was demonstrated that surface relief structures with a range of heights and shapes 

can be reproducibly formed in fluorinated (meth) acrylates using a modified 

photo-embossing process. The height of the formed surface relief structure is 

influenced by the energy dose, monomer composition and the volume percentage of 

solvent. Confocal Raman spectroscopy of the fluoropolymer films showed that the 

concentration of PFDA is higher in the areas illuminated with UV light, suggesting 

that the mechanism of generating these surface relief structures relies on the mass 

transport of the PFDA towards the illuminated areas during photomask exposure. 

This is expected from the photo-embossing model described by Leewis et al. and it 

is shown for the first time that this can be characterized with confocal Raman 

spectroscopy. The described techniques, in combination with the fluoropolymers 

potentially results in new designs of materials with surface relief structures.  
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Chapter 3 
Photo-embossing fluorogel coatings 

 
 

Abstract 

Bioinspired liquid infused surfaces are of interest for antifouling coatings in 

particular due to their dynamic (liquid) surfaces. Here the effect is shown of adding 

(perfluorinated) solvents to a monomer mixture of fluorinated (meth)acrylates while 

photo-embossing. It is shown that non-fluorinated solvents can increase the mobility 

of the monomers during photo-embossing and thereby increasing the obtained 

surface relief structure height. It is also shown that non-volatile perfluorinated 

solvents can be used in this single-step process to create surface relief structured 

fluorogel coatings. The contact angle of the coatings is close to identical for all the 

tested pitches and solvents. Only at a volume fraction of more than 10 vol% of a 

perfluorinated oil a decrease in surface tension of 20° decrease is found. Remarkably, 

even with 40 vol% of these perfluorinated solvents the water droplet is pinned on the 

surface, even at an angle of 90°. It was shown that the contact angle can be increased 

by choosing a photomask with a wider non-illuminated area. This gives more 

monomer to diffuse to the illuminated areas and results in higher surface relief 

structures. The surface relief structured fluorogel coatings could be of interest as a 

fouling release coating due to its liquid infused surface.  
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3.1 Introduction 
In the previous chapter it has been shown that surface relief structures can be made 

in fluoropolymer coatings in a controllable fashion. Surface relief structures in 

fluoropolymers increases the control over the surface properties and are interesting 

for applications, such as antifouling coatings1 or liquid repellent coatings2.  

 

A growing interest in bioinspired liquid repellent surfaces can be found in the 

literature as these surfaces have unique properties2–8. These so-called omniphobic 

surfaces have the capability of repelling various simple and complex liquids, 

including water, hydrocarbons, crude oil or blood1,3,4. These types of surfaces are 

also of particular interest as antifouling coatings2,6. The simultaneous incorporation 

of surface topography and low surface chemistry, such as silicone elastomers or 

fluoropolymers, has been one of the strategies for creating these omniphobic surfaces 

however, with photo-embossing it is not possible to make such complex surface 

structures necessary for these types of surfaces5.  

 

A second strategy for making these omniphobic surfaces is the so-called ‘smooth 

liquid-infused porous surfaces’ (SLIPs) method. These SLIPs surfaces involve a 

dynamic liquid/liquid/vapor contact line motion1,3. An example of one of these 

surfaces is a micro-patterned cross-linked fluorogel containing perfluorinated 

solvents, such as perfluorotripentylamine (PFTA)1,3. The fluorogels, however, need 

to be structured by a mould and often have to be swollen in a post processing step. 

These liquid infused surfaces are particularly interesting for their potential as 

antifouling coatings1,2,6,9. 

 

In this research it is investigated if fluorinated meth(acrylates) can be 

photo-embossed using a one pot method with (perfluorinated) solvents to fabricate 

structured fluorogel coatings 
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3.2 Materials and Methods 
The same fluorinated monomers were used as shown in Chapter 2, however a 

different photoinitiator was used. A monoacrylate, 1H,1H,2H,2H-perfluorodecyl 

acrylate (PFDA), and perfluorotripentylamine (PTFA, Fluorinert FC-70) were 

purchased from Sigma-Aldrich. A cross-linker, perfluoropolyether dimethacrylate 

(PFPE-DMA, Fomblin® MD40), and two poly(perfluoroproylene oxide) (PPFP) of 

different molecular weights, one of 1800 g mol-1 (PPFP-18) and one of 3200 g mol-1 

(PPFP-32) (Fomblin® Y06 and Fomblin® Y25, respectively) were provided by 

Solvay Specialty Polymers. A photoinitiator, 2-hydroxy-2-methylpropiophenone 

(HMPP, Darocur 1173), was purchased from BASF. Dichloromethane (DCM) and 

propylene glycol monomethyl ether acetate (PGMEA) were obtained from Biosolve. 

The molecular structures of the molecules that are used are shown in Figure 3.1. All 

materials were used without further purification. PFDA was mixed with PFPE-DMA 

in a 50-50 volume percentage. Subsequently, 1 wt% of the photoinitiator is added to 

the mixture. All solvents are added to the monomer mixture in 0, 5, 10, 20, 30 and 

40 vol%.  

 
Figure 3.1: The molecular structures of both fluorinated monomers, the photoinitiator and the 

(perfluorinated) oils/solvents are shown above. A) Perfluoropolyether dimethacrylate (PFPE-DMA), 

B) Perfluorodecyl acrylate (PFDA), C) 2-hydroxy-2-methylpropiophenone (HMPP, Darocur 1173), D) 

Perfluorotripentylamine (PTFA), E) Poly(perfluoroproylene oxide) (PPFP-18/32) and F) Propylene 

glycol monomethyl ether acetate (PGMEA). 
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3.2.1 Sample Preparation 

Glass substrates (3 x 3 cm) were cleaned by means of sonication (in acetone, 15 min) 

followed by treatment in an UV−ozone photoreactor (Ultra Violet Products, PR-100, 

20 min). The surface of the glass substrates was modified by spin-coating a 3 

(trimethoxysilyl) propyl methacrylate solution (1% v/v solution in a 1:1 

water−isopropanol mixture) on the activated glass substrate for 30 s at 3000 rpm. 

After curing for 10 min at 110 °C, the substrates were ready for use. 

 

Photo-embossed coatings were prepared in home-made cells consisting of a lower 

silane methacrylate functionalized glass slide glued to an upper soda-lime glass 

chromium oxide photomask. A range of photomasks with different pitches were 

utilised to determine effects of the grating pitch on the surface structures obtained. 

 

The cells were capillary-filled with the monomer mixture and subsequently exposed 

to UV light (EXFO Omnicure S2000 lamp) for 120 seconds with an intensity of 

98 mW cm-2 in the UVA range (315−400 nm) as measured by an Opsytec radiometer 

RM-12. Cells were subsequently turned over for a flood exposure for 120 seconds at 

98 mW cm-2 to ensure complete polymerization of the monomer mixture. For a 

schematic representation of the photo-embossing procedure, see Chapter 2, 

Figure 2.2. 

 

3.2.3 Characterisation 

The dimensions of the resulting surface relief structures were measured using white 

light interferometry (Fogale Nanotech Zoomsurf 3D). Error bars indicate the 

standard deviation over 2 separate samples. It has to be noted that for the majority of 

the surface structures the slope was too steep to be measured by white light 

interferometry. Height profiles that are shown can have an interpolated slope. 

Scanning electron microscopy (SEM, Jeol JSM-5600) was therefore used to confirm 

the shape of the surface relief structures.  
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Samples were prepared for SEM by adhering the fluoropolymer films with carbon 

tape to an aluminium stub and subsequently sputter-coated with Au (approximately 

15 nm) in an argon atmosphere. Contact angles were measured with Krüss OCA 30 

with droplets of 3 µL of demineralized water. Error bars indicate standard deviation 

over at least 2 separate samples. 

 

3.3 Results and Discussion 
In Chapter 2 it was shown that fluorinated coatings can be photo-embossed to create 

surface relief structures. Here, we describe the influence of different solvents on the 

photo-embossing process. In Chapter 2 the influence of DCM content on the 

photo-embossing process was already shown (Figure 2.5), however, in this chapter 

a different photoinitiator was used. As was shown in Chapter 2, it is expected upon 

an increase of solvent content that the mobility and diffusion of the fluorinated 

monomers is increased resulting in higher surface relief structures. Perfluorinated 

solvents were also added to the photo-embossing process to investigate the creation 

of fluorogel coatings, specifically for fouling release purposes.  

 

First two common volatile organic solvents were tested for fluorinated monomers 

with HMPP as a photoinitiator. In Figure 3.2 the influence of the volume percentage 

of DCM (Figure 3.2A, B) and PGMEA (Figure 3.2C, D) is shown. It can be seen 

that the shape and height of the photo-embossed surface relief structures from a 

40 µm line pattern change upon an increase in solvent. At low volume percentages 

of both DCM and PGMEA, the shape of the surface relief structures show shoulders 

at the edges of the surface relief structures, while the shoulders disappear and the 

height increases at higher volume percentages of DCM and PGMEA. In Figure 3.2B 

and D two heights are plotted for the surface relief structures that show shoulders; 

the height of the shoulder and the height of the valley in between the shoulders.  For 

the surface relief structures without shoulders only one height (the maximum height) 

is shown in Figure 3.2B and D. 



Chapter 3 

 

52 
 

 
Figure 3.2: Height profiles are shown of the surface relief structures with a pitch of 40 µm with different 

volume percentages of DCM (A) and PGMEA (C). In B and D two heights are plotted for the surface 

relief structures that show shoulders; the height of the shoulder and the height of the valley in between 

the shoulders.  For the surface relief structures without shoulders only one height (the maximum height) 

is shown. 

This change in shape and height is caused by the increasing mobility and diffusion 

of the monomers. Without any solvent the low mobility of the monomers results in 

high cross-link densities in the exposed areas and hinders the monomer diffusion to 

the illuminated areas. Due to this low mobility, monomers are polymerized at the 

edges of the illuminated areas, which results in the observed shoulders10. It is also 

worth mentioning that a monomer mixture without solvent will reach its gel point 

much more quickly than a monomer mixture with solvent. The presence of the 

solvent keeps the mobility of the monomer higher at higher conversions. This will 

have a large influence the final shape and height of the surface structure. With 

increasing the volume percentage of DCM and PGMEA the height of the surface 

relief structures increases, where the addition of PGMEA results in even larger 

surface structure heights, compared to DCM. At 40 vol% of both solvents the height 

of the surface structures decreases again.  
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This is most likely attributed to phase separation during polymerization of the 

monomer-solvent mixture as this is observed by the samples turning opaque upon 

polymerization. The phase separation scatters light into the non-illuminated areas 

decreasing the light intensity difference between the areas, resulting in a lower 

driving force for the monomer diffusion towards the illuminated areas. Note that this 

is different than to what has been shown in Chapter 2, Figure 2.5, this difference 

is, most likely, caused by the difference in photoinitiator. 

 

The increase in solvent in the monomer mixture will also have an influence on the 

structure of the polymer network of the coating after photo-embossing. To 

investigate the structure of the coatings SEM images were taken from a sample with 

no solvent (0 vol% DCM) and from a sample with 40 vol% DCM, both 

photo-embossed with a 40 µm line pattern mask. In Figure 3.3A and B a sample is 

shown of pure monomer mixture and in Figure 3.3C and D a sample is shown of a 

monomer mixture with 40 vol% of DCM. It is quite clear from the SEM images of 

the pure monomer mixture (Figure 3.3A, B) that the surface is substantially 

smoother when compared to the sample with 40 vol% DCM (Figure 3.3D). This is 

due to the large amount of solvent that will evaporate when opening the cell after 

photo-embossing.  

 

The polymer network in the cell will have a more sponge-like structure while the 

DCM remains inside the film, but when the DCM evaporates, the polymer network 

collapses. It is particularly interesting to see in the cross-section of the sample with 

40 vol% DCM (Figure 3.3D) that a higher porosity is observed in the 

non-illuminated areas. This indicates that more DCM was present in the 

non-illuminated areas compared to the illuminated areas before opening the cell and 

the evaporation of DCM. The hypothesis is that during photo-embossing the 

monoacrylate monomers diffuse to the illuminated areas and the solvent 

counter-diffuses to the non-illuminated areas as it is non-reactive11,12.  
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The addition of solvents to the monomer mixture shows that a wider range heights 

can be obtained with photo-embossing, making the structuring technique even more 

versatile. It is important to note that the absolute height of the structured coating will 

decrease with an increase in solvent as was shown in Chapter 2, Figure 2.6. 

 

Figure 3.3: SEM images are shown of a photo-embossed sample of pure monomer mixture (A, B) and 

of monomer mixture with 40 vol% DCM (C and D). It can be seen the addition of 40vol% of DCM 

causes a porosity in the fluorinated coating. From top view SEM (C) and the cross section (D) it 

becomes clear the DCM is primarily located in the non-illuminated areas. 

 

A selection of perfluorinated solvents with different molecular weights and 

viscosities were used to investigate their influence on the creation of surface relief 

structures during photo-embossing. The influence of the perfluorinated solvents on 

the heights of the surface relief structures is remarkably different than that of the 

DCM and PGMEA. In Figure 3.4 the heights obtained using all solvents are shown 

for a photo-embossed sample with a line pattern of 40 µm. Where the DCM and 

PGMEA clearly increased the mobility of the monomers, the perfluorinated solvents 

do not significantly alter the mobility since the surface relief structures stay relatively 

constant over all volume percentages.  
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It can be observed that with an increase in molecular weight and viscosity of the 

perfluorinated solvent the height of the surface relief structures decreases slightly. 

This would be expected as the viscosity of the monomer mixture will increase, 

decreasing mobility of the monomers resulting in lower surface relief structures. 

 
Figure 3.4: The heights of the obtained surface relief structures with a pitch of 40 µm for the 5 different 

solvents are shown versus the volume percentage of the added solvent. It is observed that the low 

viscosity solvents have a large effect on the height of the surface relief structures, while the higher 

viscosity solvents have almost no effect on the height. Two heights are plotted for the surface relief 

structures that show shoulders; the height of the shoulder and the height of the valley in between the 

shoulders and only the maximum height is plotted for the surface relief structures without shoulders. 

 

For small pitches (< 30 µm) the heights of the surface relief structures cannot be 

measured by white light interferometry since the perfluorinated solvent tends to 

accumulate on the surface, filling the surface relief structures. For larger pitches 

(> 30 µm) solvent droplets form on the surface, but surface relief structures can still 

be measured in between the droplets. An example of this solvent accumulation is 

shown in Chapter 4, Figure 4.3. It has to be noted that the DCM, PGMEA and 

PFTA solvents will evaporate when the cell is opened. The presence of volatile 

solvent results in relatively higher surface relief structures as the non-illuminated 

areas contain more solvent and upon evaporation of the solvents these areas collapse 

more than the illuminated areas.  
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Figure 3.5: Contact angles for water are shown of the 5 different surface relief structured fluorogel 

coatings. For all pitches the contact angle was close to identical for all volume percentages of the 

solvents, except for the higher molecular weight solvents (PPFP-18/32, C and D, respectively) there 

the contact angles dropped by 20° above 10 vol%. This drop in contact angle was caused by the solvent 

accumulation on the surface.  

 

It also has to be noted that for the 30 and 40 vol% of PPFP-32 in the monomer 

mixtures, there is phase separation indicating immiscibility with the monomer 

mixture. The phase separation scatters light into the non-illuminated areas decreasing 

the light intensity difference between the areas, resulting in a lower driving force for 

the monomer diffusion towards the illuminated areas. Contact angle measurements 

of water droplets were taken of all the different surface structured coatings.  
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In Figure 3.5 the resulting contact angles are shown across the different pitches for 

all solvents: it can be seen that the contact angles are close to identical for all solvents 

and even all pitches. Only at high volume percentages of the non-volatile PPFP-

18/32 the contact angle dropped by 20° due to droplet formation of the perfluorinated 

solvent on the surface of the coatings. Despite even 40 vol% of PPFP-18/32 in the 

coating the contact angle remains at about 120°. The water droplets are pinned to the 

surface relief structures even when tilted at a 90° angle.  

 

The contact angle measurements show that the photo-embossed surface relief 

structures have no significant influence on the contact angle for water. The heights 

of the surface relief structures have no effect on the contact angles when comparing 

the contact angles of the different surfaces. The hypothesis is that the aspect ratio of 

the surface structures is relatively low and therefore the droplets stay in a Wenzel 

state, while generally a Cassie-Baxter state is needed to create high contact angles13. 

This is also related to the lack of a roll-off angle. The water droplet has such a large 

contact area with the surface relief structured coating that the water droplet will 

adhere strongly to the surface and will not roll off the surface. 

 

To investigate the influence of the aspect ratio a monomer mixture with 30 vol% 

PGMEA was photo-embossed with a photomask where the width of the 

non-illuminated area is increased, from 5 to 20 µm, while the width of the 

illuminated area is kept constant at 5 µm. In Figure 3.6A, it can be seen that an 

increase in the width of the non-illuminated area results in an increase of the height 

of the surface relief structures. The increase of the non-illuminated areas results in 

more monomer that is able to diffuse to the illuminated areas and, therefore, results 

in higher surface relief structures. This is, however, limited by the maximal diffusion 

distance of the monomers. 
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In Figure 3.6B the effect of the height increase on the contact angle is shown. The 

contact angle increases slightly with the increase in height and pitch, but not 

substantial more than the contact angles shown in Figure 3.5. It can be concluded 

that these fluoropolymer coatings can be structured by photo-embossing even when 

(perfluorinated) solvents are incorporated to create novel fluorogel coatings. The 

obtained surfaces are of interest for antifouling as the dynamic nature of a liquid 

infused surfaces could create a fouling release coating9. 

 

 
Figure 3.6: A) The height of the photo-embossed surface relief structures with an increasing width of 

the non-illuminated area. Because more material is available in the non-illuminated areas, more 

monomer diffuses to the illuminated areas and the height increases. B) The contact angles of the surface 

relief structures. It can be seen the contact angle increases slightly with a wider non-illuminated area. 
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3.4 Conclusions 
It was shown that solvents can have a large influence on the mobility of the 

monomers and, therefore, higher surface relief structures can be generated with an 

increased amount of solvent. The solvent, however, does change the polymer 

network of the coating: an increase in solvent content results in a more porous 

network. It has also been shown that a higher concentration of solvent is present in 

the non-illuminated areas, caused by a counter diffusion from the solvent towards 

the non-illuminated areas. The contact angle of water was shown to be independent 

of the height of the surface relief structures. Surface relief structured fluorogel 

coatings can be obtained from a one pot method where a perfluorinated solvent is 

added to the monomer mixture before photo-embossing. The obtained surface relief 

structured fluorogel coatings are of interest for possible antifouling coatings as the 

dynamic nature of a liquid infused surfaces could create a good fouling release 

coating, this will be discussed in Chapter 4.  
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Chapter 4 

Fluoropolymers as antifouling 

coatings 
 

 
Abstract 

 

New alternatives for biocidal antifouling coatings were extensively investigated in 

the past. Several commercial fouling release coatings make use of surface active 

liquids or oils in the coating to increase performance. Another method to reduce 

settlement is the use of surface topographies. Here, surface topographies are 

combined with perfluorinated liquids to produce coatings with a low surface energy 

and a low modulus fluoropolymers. The surface structured fluoropolymers are made 

by photo-embossing with a range of different volume percentages of perfluorinated 

oil content. The majority of the fluorinated coatings exhibit moderate to high fouling 

in biological assays of biofilms, diatoms and barnacle cyprids. It is also shown that 

a perfluorinated oil content above 10 vol% retards biofilm growth and improves 

fouling release of biofilm, and juvenile and adult barnacles.  
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4.1 Introduction 
Marine biofouling is the undesired accumulation and settlement of organic 

molecules, proteins, microorganisms, plants and animals on submerged surfaces. 

The accumulation of this marine biofouling on a submerged surface has detrimental 

effects on shipping and leisure vessels, aquaculture systems (e.g. fishing nets) and 

heat exchangers, see Chapter 11.  

 

To combat this marine biofouling antifouling, coatings have been used for several 

decades. In the 1960’s terbutyl tin (TBT) copolymers were used as biocidal 

self-polishing coatings. However the TBT containing paints were banned in 2003 

due to their detrimental effects on the marine environment.  

 

Copper based paints became the dominating antifouling paint after the restrictions 

on the use of TBT. However the use of copper based paints is already being restricted 

in some countries and will likely be completely banned in the near future2,3. For 

example, the use of copper based coatings on recreational boats has already been 

banned in the ports of San Diego and Washington, see Chapter 14.  

 

The increase in legislation, ecological awareness and the high costs of registration 

of antifouling paints containing toxic biocides has led to renewed interest in the 

development of non-toxic alternatives, such as so-called fouling release coatings that 

incorporate silicone or fluor based elastomers, waxes or oils2,3,5,6.  

 

Another novel method to reduce settlement is the use of surface topographies. It has 

been extensively shown in literature that surface structured coatings have an effect 

on the settlement of various marine organisms, such as green algae spores, barnacle 

cyprids and diatoms7–12. In this chapter, surface topographies are combined with 

perfluorinated liquids in low surface energy, low modulus fluoropolymers to create 

a novel fouling release coating.  
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4.2 Materials and methods 
A monoacrylate, 1H,1H,2H,2H-perfluorodecyl acrylate (PFDA) was purchased 

from Sigma-Aldrich. A cross-linker, perfluoropolyether dimethacrylate 

(PFPE-DMA, Fomblin® MD40) and a poly(perfluoroproylene oxide) with a 

molecular weight of 1800 g mol-1 (PPFP-18, Fomblin® Y06) was provided by 

Solvay Specialty Polymers. A photoinitiator, 2-hydroxy-2-methylpropiophenone 

(HMPP, Darocur 1173), was purchased from BASF. All materials were used without 

further purification. PFDA was mixed with PFPE-DMA in a 50-50 volume ratio. 

Subsequently, 1 wt% of the photoinitiator is added to the mixture. PPFP-18 was 

added to the monomer mixture in 0, 5, 10, 20 and 40 vol%. The molecular structures 

are the same as in Chapter 2 & 3, but are shown below in Figure 4.1 for 

completeness. 

 
Figure 4.1: The molecular structures of both fluorinated monomers, the photoinitiator and the 

(perfluorinated) oils/solvents are shown above. A) Perfluoropolyether dimethacrylate (PFPE-DMA), 

B) Perfluorodecyl acrylate (PFDA), C) 2-hydroxy-2-methylpropiophenone (HMPP, Darocur 1173) 

and D) Poly(perfluoroproylene oxide) (PPFP-18). 

 
4.2.1 Sample preparation 

Glass substrates (2.5 x 7.5 cm) were sanded (grit size: 120) and subsequently cleaned 

by means of sonication (in acetone, 15 min) followed by treatment in an UV-ozone 

photoreactor (Ultra Violet Products, PR-100, 20 min). An adhesion layer specifically 

designed for seawater coatings (Veridian, Akzo Nobel Ltd.) was applied to the glass 

slides with a doctor blade with a slit height of 100 µm. The Veridian coating is left 

to dry for 1 hour prior to use.  

O

F2
C

O

CF37

O

H
N O

F2
C

O

F2
C

C
F2

O
C
F2

O
C
F2

O

O

O 9/20 9/20

N
H

O

O

O

A

B C D

O

CH3

H3C
OH

F3C
O

CF
C
F2

O
C
F2

O
O

CF3

m n

CF3



Chapter 4 

 

64 
 

Flat coatings were made by drop casting 500 µL of the monomer mixture on the 

sample. Subsequently the sample was exposed, in a nitrogen atmosphere, to UV light 

(EXFO Omnicure S2000 lamp) for 120 seconds with an intensity of 98 mW cm-2 in 

the UVA range (315-400 nm) as measured by an Opsytec radiometer RM-12. 

Naming convention for flat coatings is F (flat) and the vol% of PPFP-18 present in 

the monomer mixture, i.e. F20 is a flat coating with 20 vol% of PPFP-18. Structured 

coatings were made by drop casting 500 µL of the monomer mixture on the sample 

and subsequently placing a photomask on top of the sample with 3 layers of double 

sided tape (Tesa, photostrip, thickness: ~100 µm) at both ends. A glass cell is 

obtained with a thickness of ~300 µm. 

  

The sample is exposed to UV light in a nitrogen atmosphere for 120 seconds with an 

intensity of 98 mW cm-2 through the photomask. Subsequently the photomask is 

removed and the sample is illuminated again for 120 seconds at 98 mW cm-2 to 

polymerize any residual monomers (lamp details see above). For a schematic 

representation of the photo-embossing procedure, see Figure 2.2. Naming 

convention for the surface structured coatings is S (structured) and a number for the 

vol% of PPFP-18 present in the monomer mixture, i.e. S20 is a structured coating 

with 20 vol% of PPFP-18. 

 

4.2.2 Characterisation 

The surface structures were measured using white light interferometry (Fogale 

Nanotech Zoomsurf 3D). Error bars indicate the standard deviation in the samples. 

3D surfaces of the samples were measured with a Brüker DektakXT with a needle 

force of 1.5 mg. A width of 120 µm was measured with a speed of 12 µm s-1 over 

length of 60 µm at 1 µm intervals. Optical microscopy images were taken by Leica 

DM2700M with a 20x objective. Contact angles were measured with Krüss OCA 30 

with droplets of 3 µL of demineralized water. The error bars indicate standard 

deviation of the samples. 
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4.2.3 Biofilm settlement and ease-of-removal assay 

Biofilm settlement assays and image analysis was done at Akzo Nobel Ltd. 

(Gateshead, UK) by Marie Dale, James Ferguson and Graeme Lyall. The biofilms 

were developed on the test coatings at a slime farm facility. This consisted of a 120 

x 165 x 30 cm flow-through seawater tank fed with sand-filtered natural seawater 

maintained (temperature 19.5 ± 1 °C, salinity 35 ± 1 psu, pH = 7.8).  

 

Eight slides of each test coating (along with 8 Intersleek 1100SR reference slides, a 

commercial fouling release coating supplied by Akzo Nobel Ltd.) were placed in a 

9 channel flume set on a stand above the tank, which allowed the cultured seawater 

to be flowed over the samples, assisting removal of non-adhered slime and also gave 

access to natural light.  

 

The samples were cultured for six weeks to allow biofilm development. Samples 

were photographed for characterization after 2, 4 and 6 weeks. The percentage of 

biofilm present on the coatings was measured using image analysis software, ImageJ. 

 

After 6 weeks of culturing half of the coating replicates were used for a cleaning test 

with a linear abrader (Elcometer 1720 Abrasion Tester). The fouled samples were 

placed flat on the bottom plate of the abrader. Note that the slime was always 

hydrated prior to the cleaning test as it was immersed in seawater. A damp sponge 

(thoroughly wetted with tap water and gently squeezed to remove excess water) was 

used with its specific attachment for the abrader. The sponge passed over the surface 

of the coating at a rate of 4 cycles per minute and one cycle represents the sponge 

passing over the coating from left to right and then from right to left. No additional 

weight was added to the sponge attachment, in other words the downward pressure 

of the sponge is the combined weight of the attachment and sponge. The slides were 

photographed before and after cleaning and the percentage of biofilm present on the 

coatings was measured using image analysis software, ImageJ. 
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4.2.4 Diatom (Navicula incerta) assays 

Diatom assays were performed at Newcastle University by Andrew Guerin. Three 

slides of each test coating (along with 3 PDMS slides and 3 glass slides) were wetted 

in deionised water for 24 hours and transferred artificial seawater with a psu of 30 

(ASW; Tropic Marin) for a further 24 hours prior to testing. Laboratory cultures of 

the diatom Navicula incerta were used for sample testing. 

  

Diatom cultures were re-suspended in 0.22 µm-filtered ASW and diluted to an 

optical density of 0.03 at 660 nm. Test slides were placed in quadriPERM dishes and 

10 mL of diatom suspension was added to each slide well. Dishes were left in 

ambient light conditions at room temperature for 2 hours. All slides were then gently 

rinsed in ASW, and placed on an orbital shaker at 60 rpm for 5 minutes, to remove 

loosely-attached cells. Three replicates of each surface were exposed to 

hydrodynamic shear (flow rate = 5.7 m s-1, shear stress = 32 Pa) for 5 minutes in the 

Newcastle University flow cell, and all slides were then fixed using 2% 

glutaraldehyde in ASW and left to dry.  

 

Density of diatom cells on surfaces before and after exposure to flow was measured 

under the microscope, using illumination at 546 nm (excitation) / 590 nm (emission). 

Diatom cell density was taken as the average of manual counts of the number of 

diatoms in 20 different fields of view on each replicate slide. Percent removal under 

shear was calculated as the percent reduction in cell density on shear-exposed slides 

compared to the average diatom density on non-exposed slides. 

 

4.2.5 Barnacle cyprid settlement assay 

Barnacle cyprid settlement assays were performed at Newcastle University by 

Andrew Guerin. Cultured adult Amphibalanus amphitrite were induced to release 

nauplii larvae by leaving them out of water overnight, and then returning them to 

artificial seawater (Tropic Marin, 32 psu) in the dark.  
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A fibre optic light source was used to attract the nauplii (which are strongly 

phototactic) which were then removed and cultured on a diet of Tetraselmis suecica 

(28 °C, 12:12 hour light:dark cycle), for ~5 days until metamorphosis to the cyprid 

stage. Cyprids were stored for 3 days at 6 °C prior to use in settlement assays. 

 

Six slides of each test coating, six acid-washed glass slides, and six slides coated 

with polydimethyl siloxane (PDMS; Dow Corning 3-0213) were placed into 

quadriPERM dishes (Greiner). 750 µl of 0.22 µm-filtered ASW were then pipetted 

on to the surface of each replicate slide, forming a single droplet as close as possible 

to the centre of the slide surface, see Figure 4.2. Twenty cyprid larvae (± 2 cyprids) 

were added to the droplet in a minimal volume of ASW using a glass Pasteur pipette. 

Samples were then incubated at 28 °C in conditions of high humidity, in the dark. 

The number of settled cyprids on each replicate were counted after 48 hours. 

 
Figure 4.2: Schematic representation of the barnacle cyprid settlement assay. 

 

4.2.6 Juvenile barnacle ease-of-removal assay 

Juvenile barnacle ease-of-removal assays were performed at Newcastle University 

by Andrew Guerin. Barnacles were settled onto coating surfaces using the same 

method as the settlement experiment, except that larger number of cyprids (>50) 

were used, and a greater volume of filtered ASW was used to allow settlement over 

a larger coating area. In addition to the test coatings, 12 PDMS slides were included 

in this assay, along with 6 slides of Intersleek 757 and 6 slides of Intersleek 1100SR 

(two commercial fouling-release coatings, supplied by AkzoNobel Ltd).  
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Samples were then incubated for 48 hours at 28°C in conditions of high humidity, in 

the dark. Slides were then carefully rinsed to remove unattached cyprids, and all 

quadriPERM dish wells were flooded with ASW to which a few drops of microalgae 

suspension (T. suecica) were added. Samples were then left for a further 72 hours. 

The numbers and locations of all metamorphosed barnacles on each slide were 

recorded. All slides were subsequently exposed to hydrodynamic shear in the 

Newcastle University ‘flow cell’ which exposes samples to water flow parallel to the 

sample surface. Samples were subjected to a flow rate of 10.3 ms-1 (estimated shear 

stress 130 Pa) for 2 minutes. After exposure, sample surfaces were inspected to count 

the number of barnacles remaining. The locations of any barnacles that were 

removed were checked for remains of the barnacle base plate. Presence of base plate 

fragments was taken to indicate that the barnacle had broken up under force 

(‘cohesive failure’) rather than being cleanly removed, and any such barnacles were 

ignored in the measurement to determine the proportion of barnacles removed under 

shear. 

 

4.2.7 Critical removal stress of adult barnacles 

The critical removal stress of adult barnacles was measured at Newcastle University 

by Andrew Guerin. Barnacles were settled on test coatings, PDMS slides, and slides 

coated with Intersleek 757, as above. After 48 hours settlement time, dishes were 

flooded with T. suecica suspension. Dishes were maintained at 28°C in an incubator 

for 1-2 weeks, changing the T. suecica suspension every 2-3 days. After this time, 

slides with settled barnacles were placed in slide racks, maintained in artificial 

seawater aquaria and fed a mixed diet of T. suecica and Artemia salina. Slides were 

inspected regularly to insure that where any two barnacles were growing very close 

together, one was removed, such that there was always space between all adult 

individuals. Any barnacles growing at the edges of the slides were also removed.  
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Once the barnacles had reached a base plate diameter of > 5mm, an automated 

‘push-off’ apparatus was used to measure the force required to detach individual 

barnacles from coating surfaces13. This force was divided by the base plate area of 

the barnacle to give a critical removal stress (CRS) measurement for each barnacle. 

CRS measurements were only recorded where barnacles were cleanly removed, with 

no signs of cohesive failure (baseplate fragments remaining on test surfaces). 

Additional CRS data (from previous studies conducted at Newcastle University) 

were included for PDMS and Intersleek 757 to increase replication for these surfaces. 

Removed barnacles were inspected for attachment anomalies, including baseplate 

deformities, and presence of thick ‘gummy’ adhesive layers. 

 

4.3 Results and discussion 
Previously, it was shown that fluorinated meth(acrylates) can be photo-embossed to 

create surface structured coatings including perfluorinated solvents/oils 

(Chapter 2 & 3). Here, the influence of a perfluorinated oil on the antifouling 

properties of photo-embossed coatings is described.  

 

Fouling organisms attach to everything that is submerged in seawater. A few 

techniques have been shown to be able to reduce the settlement and/or adhesion 

strength of organisms. Here two strategies are combined into one antifouling coating: 

surface topography and the addition of an inert oil.  

 

To test the influence of both of these strategies on the antifouling properties of the 

fluorinated coating two sets of samples were made: one set of flat reference samples 

and a set of a structured coatings. Both coatings were made with a range of different 

volume percentages of perfluorinated oil. The structured coatings were photo-

embossed with a photomask to create pillars with a cross section of 15 µm in a 

hexagonal pattern.  

 



Chapter 4 

 

70 
 

In this chapter hexagonal pillars were used instead of the lines from Chapter 2 & 3 

due to the more uniform directionality of the hexagonal pattern, since the release of 

fouling organisms will most likely depend on the application of shear parallel or 

perpendicular to the direction of the lines.  

 

In Figure 4.3 a 3D height profile of the resulting pillars is shown together with the 

average pillar height of the structured coatings and the photomask pattern. Figure 

4.3A shows that the pillars have a slight dip in the middle, this is due to the diffusion 

distance of the monomers, as the monomers are cross-linked in the illuminated areas 

the mobility decreases and monomers are polymerized at the edges of the pillars 

before they have reached the centre. This is similar to the effect of DCM on the 

photo-embossing procedure shown in Figure 3.3. In Figure 4.3B it can be observed 

that the height of the pillars decreases with an increase in the volume percentage of 

the perfluorinated oil, PPFP-18. 

 
Figure 4.3: A) A 3D height profile of the photo-embossed pillars in the pure monomer mixture (Sample 

S0). B) The height of the pillars decreases with an increasing perfluorinated oil content. Data is shown 

as mean height ±SD (n=2). For the 40 vol% of the PPFP-18 the pillars are only protruding slightly out 

of the perfluorinated oil. C) An optical microscopy image of the photomask with a hexagonal pattern. 

The scale bar is 50 µm. 
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At a PPFP-18 content above 10 vol%, the perfluorinated oil accumulates in between 

the pillars. In Figure 4.4 optical microscopy images are shown illustrate this effect 

more clearly. In Figure 4.4A, B and C the pillars are clearly visible in a hexagonal 

pattern. However, the microscopy images above 10 vol% of the PPFP-18 in 

Figure 4.4D it is clear that the areas between pillars is partially filled with the 

PPFP-18. In Figure 4.4E, it can be observed that for 40 vol% of PPFP-18 the pillars 

are almost completely submerged in the perfluorinated oil. From the height 

measurements of S40 only the average height of the pillars that is protruding out of 

the PPFP-18 is shown in Figure 4.4B, as the submerged structures cannot be 

measured by white light interferometry. 

 

 
Figure 4.4: Optical microscopy images of the structured coatings with different vol% of PPFP-18. A) 

0 vol% (S0), B) 5 vol% (S5), C) 10 vol% (S10), D) 20 vol% (S20) and E) 40 vol% (S40). The scale bar 

is 100 µm. 

 

The contact angle for demineralized water droplets were measured on all the 

coatings, see Figure 4.4. The flat coatings had an average contact angle of 

approximately 116 ° with the exception of the 40 vol% PPFP-18 (F40). In this 

coating the perfluorinated oil accumulates on the surface and pinning of the water 

droplet was decreased, resulting in a decrease of the contact angle. The same trend 

can be observed for the structured coatings although a decrease in contact angle can 

already be observed above 10 vol% of PPFP-18. 

A B C D E
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Figure 4.5: The contact angle for the flat and structured coatings. A decrease in the contact angles 

was observed at higher volume percentages of the PPFP-18. The data are shown as mean contact angle 

± SD (n=2). 

 
4.3.1 Biofilm settlement assay 

To study the antifouling properties of the fluorinated coatings a biofilm assay was 

done. In Figure 4.6 the biofilm coverage of each coating is shown after 2, 4 and 6 

weeks of culturing. The behaviour of the F40 and S40 samples was expected to be 

very similar to F20 and S20, respectively, due to the accumulation of the 

perfluorinated oil on the surface above a PPFP-18 content of 10 vol%. Therefore the 

biofilm assay the samples F40 and S40 were omitted from the test as only a limited 

amount of samples can be tested in a single assay. As a reference a commercial 

fouling release coating is used that is specifically designed for slime release; 

Intersleek 1100SR. For clarity the Intersleek 1100SR coatings are flat. 

 
Figure 4.6: Biofilm coverage of the test coatings and Intersleek 1100SR after 2, 4 and 6 weeks of 

culturing. Data are shown as mean biofilm coverage ± standard error (SE) (n=8). 
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The results in Figure 4.6 show that a biofilm has grown on all coatings within the 

first two weeks and that the coverage stays relatively constant. Only for the F20, S10 

and S20 coatings the biofilm coverage increased substantially between week 2 and 

6. The results show that coatings with a high PPFP-18 content retard the growth of 

the biofilm. A difference in biofilm coverage can be observed between F20 and S20 

at the same oil content. The increase from the flat (F20) to the structured (S20) 

sample has to do with the oil layer that is present on the flat sample (F20). For the 

structured sample (S20), the fluorinated oil does not cover the entire surface and is 

only present in between the surface structures. The hypothesis is that the biofilm 

grows, preferentially, on the top of the surface structures as there is less or no oil and 

biofilm coverage is higher in comparison to the flat sample (F20). 

 

It has to be noted the measurement procedure for the biofilm coverage has its 

limitations. For example, the samples have to be removed from the flume, this can 

cause biofilm to be removed (washed away) from the samples and the percentage 

coverage is determined as the colour difference between the sample and the biofilm. 

However, differences between light coloured biofilm and dark coloured biofilm can 

influence results. This can explain the decrease in biofilm coverage after week 4 for 

nearly all test samples in Figure 4.6. 

  
Figure 4.7: Biofilm coverage before and after cleaning of the test coatings in comparison to the 

commercial fouling release coating, Intersleek 1100SR. Data are shown as mean biofilm coverage ± SE 

(n=8). 
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The fluorinated coatings had a high biofilm settlement, in comparison to Intersleek 

1100SR (a commercial fouling release coating), with the exception of F20 which had 

a similar biofilm coverage as Intersleek 1100SR. The micron sized structures had no 

effect on the biofilm growth and only a little effect was seen from the perfluorinated 

oil content as only a substantial decrease in settlement is seen for F20. After the 

biofilm assay the samples were subjected to a cleaning test to investigate the fouling 

release performance of the coatings.  

 

In Figure 4.7 the biofilm coverage for all the slides before and after the cleaning test 

is shown. After 6 weeks of culturing the Intersleek 1100SR had about 53% biofilm 

coverage, however the biofilm adhesion was so low that after transport of the 

samples to the cleaning facility only 20% remained. Therefore the initial value for 

the cleaning test of the Intersleek 1100SR changed. After the cleaning test there was 

no biofilm left on the Intersleek 1100SR coatings. Most fluorinated coatings had a 

strong adherent biofilm that had over grown the sample, as much as 93%, after 6 

weeks of culturing and the biofilm was difficult to remove as the percentage of 

biofilm coverage was only reduced by ~35% for F0, F5, F10 and S0 and only ~20% 

for S5 and S10. The F20 and S20 coatings on the other hand had a reduction of ~45% 

in biofilm coverage. This indicates the volume percentage of perfluorinated oil needs 

to be higher than 10 vol% to have a substantial improvements on biofilm settlement 

and removal.  

 

4.3.2 Diatom adhesion and ease-of-removal assays 

The antifouling properties of the fluorinated coatings were also investigated for 

diatoms. In Figure 4.8 the diatom cell density is shown for all fluorinated coatings 

and a glass and PDMS reference is used before and after the application of shear 

stress. From the pre-shear diatom cell densities in Figure 4.8, it can be seen that the 

flat fluorinated coatings (F0 to F40) outperformed the glass and PDMS references.  
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Figure 4.8: Diatom cell density after settlement (pre and post shear exposure) per mm-2 for the tested 

fluorinated coatings and glass and PDMS as a reference. Data is shown as mean diatom cell density 

± SE (n=3). 

 

It is interesting to note that there was little effect of the perfluorinated oil content on 

the diatom cell densities of the flat coatings. It was expected that less diatoms would 

successfully settle on a coating with a perfluorinated oil on the surface. Diatom cell 

density was higher on the structured coatings compared to the flat coatings and 

diatoms adhered in high densities in between the pillars as can be seen in Figure 4.9. 

The increase in settlement is attributed to the sheltering effect of the surface 

structures, as the surface structures are much larger than the diatom cells14.  

Figure 4.9 shows an example of the diatom cells settlement in the valleys in a 

fluorescence microscopy image. The decrease in settlement with respect to PPFP-18 

content of the structured coatings is likely to be due to the perfluorinated oil 

accumulation in between the pillars, as this is the preferred area of settlement for the 

diatoms. 

 
Figure 4.9: Fluorescence microscopy image of diatoms (red) on a structured coating. It is clear that 

the diatoms settle in between the pillars. The indicated scale bar is 100 µm. 
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All coatings were subjected to a shear stress to investigate their fouling release 

performance. The post-shear diatom cell density is shown in Figure 4.8 and the 

percentage of removal is shown in Figure 4.10 Diatom removal from the test 

surfaces was low, ~15-20%, compared to glass and PDMS standards, ~70%, which 

is assumed to be due to low surface energy of the fluorinated coatings i.e. diatoms 

tend to adhere strongly to low surface energy surfaces15,16. It is interesting to note 

that the diatom adhesion seems to increase upon the addition of perfluorinated oil to 

coatings, as the F0 and S0 coatings both have substantially higher removal (30 %) 

compared to the equivalent coatings with perfluorinated oil.  

 
Figure 4.10: The percentage of diatom cell that were removed by the application of shear stress. Data 

are shown as mean percentage of removal ± SE (n=3). 

 

4.3.3 Barnacle settlement and ease-of-removal assays  

The fluorinated coatings were also tested against a hard fouling marine organism: 

the barnacle Amphibalanus amphitrite. In Figure 4.11 the mean settlement of 

barnacle cyprids is shown for all tested coatings. Barnacle settlement was high in 

comparison to the glass and PDMS standards. A decrease in settlement was observed 

for both flat and structured coatings with fluorinated oil content above 10 vol%, 

similarly to what was observed for the biofilm settlement. This reduction in 

settlement is related to the perfluorinated oil content on the surface of the coatings 

as is shown in Figure 4.4. 
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Figure 4.11: Proportion of barnacles settled on all the fluorinated coatings including a glass and 

PDMS reference standard. Data is shown as mean proportion settled ± SE (Glass n =5; PDMS n = 7; 

all other samples n=6). 

 

Above 10 vol% the perfluorinated oil accumulates on the surface of the fluorinated 

coating. This layer of perfluorinated oil reduces settlement of both the biofilm and 

barnacle cyprids. The release of barnacle juveniles from the fluorinated coatings was 

also investigated and the results are shown in Figure 4.12. The results show that the 

fouling release properties of the fluorinated coatings are comparable to the PDMS 

reference standard, with the exception of F20 and F40. Both of these coatings 

outperform PDMS and even Intersleek 757 with the percentage removal of barnacle 

juveniles.  

 

 
Figure 4.12: The percentage of juvenile barnacles that were removed from the coatings. Data is shown 

as mean percentage of removal per slide ± SE (Glass n=6; PDMS n=11; IS 757 n=3; IS1100SR n=2; 

F0, F10, F40, S5 and S40 n=6; F5, F20, S0, S10 and S20 n=5). 
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The percentage of barnacle juveniles that was removed is also substantially higher 

for F20 and F40 compared to F0, F5 and F10. This showed that the perfluorinated 

oil accumulation on the surface of the coatings has a reducing effect on the settlement 

of barnacle cyprids and makes the barnacle juveniles easier to remove.  

 

In Figure 4.13 the critical removal stress (CRS) of the adult barnacles is shown. It 

can be seen that the CRS for F0, F5 and F10 is comparable with that of PDMS, while 

the CRS for S0, S5 and S10 is higher compared to the flat coatings. For both coatings 

a significant decrease in the CRS is observed above a perfluorinated oil content of 

10 vol%, although the structured coatings still show a higher CRS compared to their 

flat counterparts. The explanation for this higher CRS of the structured surfaces 

becomes clear upon further examination of the barnacle baseplates. In Figure 4.13 

an optical microscopy image is shown of a barnacle baseplate showing the surface 

structure pattern. The baseplate adhesive of the barnacle juvenile has filled the spaces 

between the pillars of the coating, thereby increasing the surface area with which it 

is attached, resulting in an increase in adhesion to the coating.  

 

 
 Figure 4.13: Optical microscopy image of an adult barnacle baseplate after removal from a surface 

structured coating (S0). The indicated scale bar is 100 µm. 
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This increase in adhesion can be observed by the higher CRS for the structured 

coatings, compared to the flat coatings, as shown in Figure 4.14. The CRS of F20 

and F40 is comparable with Intersleek 757, which could be due to the perfluorinated 

oil layer on the surface of the coatings. The CRS is also influenced by ‘cupping’ 

(abnormal growth) of the barnacle baseplate, which occurs on some fouling release 

coatings17,18.  

 

 
Figure 4.14: Critical removal stress of adult barnacle on the test coatings and PDMS and Intersleek 

757 as a reference. Data is shown as mean CRS ± SD (PDMS n=61; IS757 n=44; F0 n=10; F5, F20 

n=12; F10 n=26; F40 n=15; S0 n=1; S5 n=7; S10 n=5; S20 n=14; S40 n=18). 

  

4.4 Conclusions 
Flat and structured fluorinated coatings were produced with a range of different 

volume percentages of perfluorinated oil. Surface structured fluorinated coatings 

were produced by photo-embossing using an one-pot method including the 

perfluorinated oil. It was shown that above 10 vol% of the perfluorinated oil, the 

perfluorinated oil accumulates in between the photo-embossed pillars.  

 

The majority of the fluorinated coatings showed moderate to high fouling in all three 

biological assays (biofilm, diatoms and barnacles). It can be concluded that the flat 

coatings performed better than the structured coatings as the structured coatings had 

more fouling and a lower percentage of fouling release.  
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It is therefore concluded that the hexagonal pillars are not suitable for antifouling 

coatings and optimization of the shape and size of surface relief structures is needed. 

It is also clear that the addition of the perfluorinated oil improves the antifouling 

properties of the coating and that coatings with an oil content above 10 vol% exhibit 

a retarded biofilm growth and improved fouling release performance for biofilms, 

juvenile and adult barnacles.  
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 Chapter 5 

Vertical photo-induced diffusion for 

tunable surface properties in fluorinated 

coatings 
 
 

Abstract 

 

The spatial and temporal control of photopolymerisation gives the ability to change 

local compositions in polymer films. In this research it is shown that by the addition 

of a photo-absorber a vertical light gradient can be obtained in fluorinated 

(meth)acrylates mixtures. Due to the light gradient in the thickness direction of the 

coating a polymerisation gradient is achieved and it is shown that perfluorodecyl 

acrylate (PFDA) diffuses towards the light source. In this way, a composition 

gradient through the thickness of the fluorinated coating is achieved and the top of 

the coating is enriched with PFDA. The maximum volume fraction difference 

between the top and the bottom of the fluorinated coating was 0.31. Due to the 

difference in chemical composition, the storage modulus of the top of the fluorinated 

coating increases. The top of the fluorinated coating was more than four times higher 

in storage modulus than the bottom of the fluorinated coating creating a more durable 

coating.  
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5.1 Introduction 
The ability to tune surface and bulk properties by engineering gradients in polymer 

films could provide advantages in various applications including, antifouling 

coatings1, antimicrobial films2–4 and microfluidic devices5. Tailoring surface 

properties of homogenous polymer films, including surface energy6–8, roughness9,10 

and hardness11,12, opens up a whole range of new applications. Currently, polymer 

films with different surface and bulk properties are generally obtained by multiple 

step processes, including surface grafting5,13, plasma modification7, UV-ozone 

treatment6, and layer-by-layer deposition14.  

 

Surface modifications are not the only process used to create different properties 

between the surface and the bulk of a polymer film. Composition gradients are often 

made to obtain property gradients in the thickness direction of the polymer coating. 

These gradient polymer films are advantageous because no post polymerisation 

modification of the surface is necessary. However, most techniques rely on the 

generation of interpenetrating networks by a dual UV and temperature 

polymerisation and the resulting polymer films are generally quite thick (mm-cm 

range)15–19. These “dual cure” systems makes the fabrication process time consuming 

and the thicknesses that are used are unsuited for coatings.  

 

Photopolymerisation offers both temporal and spatial control and has been used to 

create surface structured coatings by photo-embossing20–27, tune cross-link densities 

in hydrogels for controlled swelling of surface structures28,29, to create flexible liquid 

crystal displays30, to control bending in stimuli responsive polymers31, to create 

holographic polymer gratings32–36 and to create infrared reflecting windows37. Some 

of these studies used the control of photopolymerisation of the creation of 

composition gradients in the vertical plane. For example, Khandelwal et al. showed 

that a broadband IR reflector could be fabricated creating a composition gradient of 

0.83 % µm-1 in thin cholesteric liquid crystal film37.  
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All of the photopolymerisation examples mentioned above rely on a difference in 

reactivity and/or mobility of the monomers. Depending on that difference in 

reactivity and mobility one of the monomers will diffuse towards the light and the 

other monomer is forced to move in the opposite direction32–36.  

 

In previous chapters it was shown that fluorinated (meth)acrylates monomer 

mixtures can be used to create surface structured coatings using photo-embossing. A 

monomer mixture is illuminated through a lithographic mask and polymerisation is 

initiated in the illuminated areas. This localized polymerisation causes a chemical 

potential difference between the illuminated areas and the masked areas. This 

chemical potential difference is the driving force for monomer diffusion towards the 

illuminated areas. This lateral diffusion causes a difference in composition and, in 

this case, a surface structure.  

 

This lateral diffusion shows that it is possible to create a lateral compositional 

gradient between the illuminated to the non-illuminated areas. Previous studies have 

shown that a compositional gradient along the thickness of the polymer film can be 

achieved, with just a photoinitiator, in thick (mm-cm) polymer films15–17,19. Others 

have shown this is also possible in thin polymer films with the addition of a 

photo-absorber30,31,37. This chapter is focused on creating a compositional gradient 

along the vertical axis in thin fluorinated coatings. Hereby a fluorinated coating can 

be created with different surface and bulk properties. This has the potential to create 

more durable coatings without compromising the antifouling properties.  

 

5.2 Materials and methods 
A monoacrylate 1H,1H,2H,2H-perfluorodecyl acrylate (PFDA) and a 

photo-absorber 2-hydroxy-4-n-octoxy benzophenone (HOB) were purchased from 

Sigma-Aldrich.  
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Two cross-linkers perfluoropolyether dimethacrylate (P-9, Fluorolink® MD700 

(1900 g mol-1)) and perfluoropolyether dimethacrylate (P-20, Fomblin® MD40 

(4200 g mol-1)), was provided by Solvay Specialty Polymers. A photoinitiator, 

2 Hydroxy-2-methyl-1-phenyl-propan-1-one (HMPP, Darocur 1173), and a 

photo-absorber 2-(2H-benzotriazol-2-yl)-4,6-ditertpentylphenol (BDPP, Tinuvin 

328) were purchased from BASF. All materials were used without further 

purification. The molecular structures of the all molecules are shown in Figure 5.1. 

 

 

Figure 5.1: The molecular structures are shown of the cross-linkers (A) P-9/20, (B) the monoacrylate 

PFDA, (C) the photoinitiator HMPP and (D) the photo-absorbers BDPP and (E) the photo-absorber 

HOB.  

 

Two different fluorinated monomer mixtures are made: mixture 1 is PFDA with P-9 

and mixture 2 is PFDA with P-20. Both monomer mixtures of PFDA-P9 and 

PFDA-P20 are made in different volume ratios, generally 25-75, 50-50 and 75-25, 

respectively. Actual volume ratios for mixture 1 are: 25-75 = 26-74, 50-50 = 47-53 

and 75-25 = 73-27. Actual volume ratios for mixture 2 are: 25-75 = 27-73, 

50-50 = 50-50 and 75-25 = 79-21. To all monomer mixtures 1wt% of photoinitiator 

is added. 
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5.2.1 Sample preparation 

Glass and quartz substrates (3 x 3 cm2) were cleaned by means of sonication (in 

acetone, 15 min) followed by treatment in an UV-ozone photoreactor (Ultra Violet 

Products, PR-100, 20 min). The surface of the glass substrates was modified by 

spin-coating a 3-(trimethoxysilyl) propyl methacrylate solution (1% v/v solution in 

a 1:1 water-isopropanol mixture) on the activated glass substrate for 30 s at 

3000 rpm. After curing for 10 min at 110 °C, the substrates were ready for use. 

Substrate-attached films were prepared in home-made cells consisting of a lower 

silane methacrylate functionalized glass slide glued (UVS 91, Norland Products) to 

a non-functionalised glass coverslip (thickness No. 1, 130-160 µm) with 30 µm 

spacers. The cells were capillary-filled with a monomer mixture and subsequently 

exposed to UV-light (Thorlabs LED M310L3 (310 nm)) with a total energy dose of 

180 mJ cm-2.  

 
5.2.2 Characterisation  

Confocal Raman spectroscopy measurements (Horiba Raman fibre microscope 

Olympus BX40) were performed to measure at the composition in the thickness 

direction of the fluorinated coatings. The Raman spectroscopy measurements were 

done in a closed cell with an Olympus UPlanApo 100x/1.35 using an oil immersion 

objective. Measurements in the vertical direction were done (a so-called z-scan) 

using steps of 0.92 µm for 120 s. The baseline procedure for all spectra was done 

using the software Spectra Gryph (Spectroscopy Ninja) by processing the spectra 

with an adaptive coarseness of 9 and 0 offset. The ultraviolet-visible light 

spectroscopy measurements for the analysis of transmittance and absorbance were 

performed using an ultraviolet-visible spectrophotometer Shimadzu UV-3102 PC 

(UV/Vis). 
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The absorbance of the monomer mixtures was analysed using a quartz cuvette with 

a path length of 1 cm. For the determination of the extinction coefficient of the 

photoinitiator and photo-absorbers a quartz cuvette with a path length of 1 mm is 

used in combination with lower concentrations to ensure validity of the linear 

relationship from the Beer-Lambert law. The following concentrations of the 

photoinitiator and photo-absorbers in mixture 1 (25-75): HMPP (8.4 mM), BDPP 

328 (0.3 mM), HOB (0.5 mM) were used to determine the extinction coefficients. 

 

The maximum solubility of the photo-absorbers was determined by adding different 

amounts of photo-absorber to a mixture 1 (25-75) containing 1wt% HMPP 

photoinitiator. The samples were heated to 40 °C and mixed with a magnetic stir bar 

at 1200 rpm for 1 hour. Subsequently the samples were allowed to cool down 

gradually to room temperature. The maximum solubility was determined at the 

maximum concentration at which the solution remained transparent.  

 

The storage and loss modulus of the fluoropolymers was measured using a TA 

instruments Q800 Dynamic Mechanical Analyser. Fluoropolymer films with 

different compositions of both monomer mixtures were made in a PDMS mould of 

30x8x1 mm3. The fluoropolymer films were homogenous in composition because no 

photo-absorber is added and are cured with an Omnicure S2000 (320-500 nm, 

100 mW cm-2). A temperature sweep between -140 and 150 °C was performed at a 

constant frequency of 0.2 Hz. Time-temperature superposition was performed and a 

reference temperature of 25 °C was used.  
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5.3 Results and discussion 
In the previous chapters it was shown extensively that fluorinated coatings can be 

structured in the lateral plane using lithographic masks during UV illumination. 

Since the illumination is localized, polymerisation is only initiated in these areas and 

a chemical potential gradient between the illuminated and non-illuminated regions 

is created. This chemical potential gradient induces monomer diffusion from the 

masked areas to the illuminated areas21,22,24.  

 

A fluorinated coating with a gradient in composition and properties in the thickness 

direction can potentially be made with a vertical composition gradient. To obtain 

such a composition gradient through the thickness of the coating, a light gradient is 

needed.  

  

The light gradient needs to be sufficient to induce a chemical potential gradient 

between the bottom and the top of the cell to get monomer diffusion. To create such 

a light gradient a photo-absorber is used. However, due to the highly fluorinated 

nature of the monomers, most photo-absorbers are not soluble in the monomer 

mixture or they have limited solubility. Two photo-absorbers were chosen and their 

maximum solubility was determined as described in section 5.2 Materials and 

Methods. In Table 5.1 the maximum concentration of the photo-absorbers in the 

monomer mixture is shown. 

 Mixture 1 

(25-75) 

HMPP HOB BDPP 

Maximum concentration in 

monomer mixture (mmol L-1) 

- > 91 37 11 

Extinction coefficient 

(molL-1cm-1) (@310 nm) 

0.105 299 9667 18721 

 

Table 5.1: The maximum concentration of the photoinitiator (HMPP) and photo-absorbers (HOB, 

BDPP)in mixture 1 (25-75) and their extinction coefficients. 
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To calculate the light gradient through the thickness of the samples absorption 

spectra are measured of the monomers, the photoinitiator (HMPP) and the 

photo-absorbers (HOB and BDPP). In Figure 5.2 the absorbance spectra of 

mixture 1 (25-75), mixture 1 (25-75) including the photoinitiator and mixture 1 

(25-75) including the photoinitiator and one of the photo-absorbers are shown. 

 

 
Figure 5.2: Absorbance spectra for mixture 1 (25-75) and for mixture 1 (25-75) including 8.4 mM of 

HMPP, 0.3 mM BDPP or 0.5 mM HOB.  

 

The extinction coefficients of the monomers, photoinitiator and photo-absorbers are 

calculated using the Lambert-Beer law, see equation 5.1. 

𝐴𝐴(λ) =  𝜀𝜀(λ) ∙ l ∙ c equation 5.1 

Here A is the absorption as measured by UV spectroscopy at a particular wavelength 

(λ), ε is the extinction coefficient at that wavelength (mol L-1cm-1), l is the path length 

(cm) and c is the concentration (mol L-1). In Table 5.1 the calculated extinction 

coefficients and maximum concentration in the monomer mixture are shown. It is 

shown that BDPP has the highest extinction coefficient; however it also has the 

lowest solubility in the monomer mixture. 
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Based on equation 5.1 it is shown that there will be a trade-off between solubility 

and extinction coefficient to create a sufficient light gradient. In equation 5.2 the 

transmission T is calculated from the absorption A. The light gradients in the 

thickness direction of a coating were calculated with equation 5.1, 5.2 and by using 

the concentrations and extinction coefficients from Table 5.1.  

𝑇𝑇 =  10−𝐴𝐴 equation 5.2 

In Figure 5.3 the light gradients are shown as a function of the thickness of the cell 

for the monomer mixture, photoinitiator and for the different photo-absorbers. It is 

shown that the monomer mixture absorbs very little light through the thickness of 

the cell, as was expected with the very low extinction coefficient. The addition of 

1 wt% of the photoinitiator HMPP does give a light gradient, although the gradient 

is relatively modest (after 30 µm 82% of the light is still transmitted). 

 
Figure 5.3: Comparison of the transmittance of the photoinitiator (HMPP) and the two 

photo-absorbers (HOB, BDPP) at their maximum concentration in mixture 1 as a function of the 

thickness of the coating at 310 nm. 

 

The addition of the photo-absorbers has a larger effect on the obtained light gradient. 

For BDPP, at its maximum solubility concentration, 24% of the light still reaches 
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of the 30 µm thick cell.  
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Despite the fact that the extinction coefficient of BDPP is twice as high as that of 

HOB, the BDPP is not able to create a light gradient as steep as HOB due to the 

higher solubility limit of HOB. Therefore HOB was used in further experiments as 

it results in the highest light gradient which is necessary to obtain a composition 

gradient.  

 

5.3.1 Confocal Raman spectroscopy 

To characterise the fluorinated coatings, Raman confocal spectroscopy was used. 

The Raman spectra of the monomers are shown in Figure 5.4. For PFDA one 

characteristic peak at 725 cm-1 was observed that is attributed to the CF3 vibration 

and is not present in the other monomers. For both cross-linkers (P-9/20) a 

characteristic peak at 825 cm-1 was observed and it attributed to the C-O-C vibration 

of the backbone of the cross-linkers, see also Chapter 2 & 3. Note that also PFDA 

has a peak at 825 cm-1 therefore the CF3 peak of PFDA is used to calculate volume 

fractions. The peak corresponding to the C=C vibration of the acrylate and the 

methacrylate group, respectively, was located at 1638 cm-1 and it was used to 

determine the conversion.  

 

 
Figure 5.4: Raman spectra of the different monomers. The characteristic peak for PFDA can be seen 

at 725 cm-1and the characteristic peak for the cross-linkers is at 825 cm-1. 
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To calculate the volume fractions of the PFDA (φPFDA) and P-9/20 the ratio between 

a vibration peak that is only present in the PFDA and a vibration peak that is present 

in both monomers was used. As mentioned the PFDA has a characteristic peak at 

725 cm-1 that corresponds to the CF3 group, which is not present in cross-linkers 

P-9/20. A peak that is present in both monomers is the O-CH2 peak at 1450 cm-1, this 

peak was used as the reference peak. For every combination of volume fractions of 

the PFDA and P-9/20 there will be a specific peak ratio (CF3/OCH2) and thus can be 

used to create a calibration curve. The calibration curve can subsequently be used to 

determine the composition at any point throughout the thickness of the coating by 

calculating the peak ratio (CF3/OCH2) at that point.  

 

For the calibration curve several volume ratios were made for both mixture 1 and 

mixture 2. In Figure 5.5 the Raman spectra for different volume ratios for mixture 

1 are shown. In Figure 5.5, it can be seen that the CF3 peak decreases upon a decrease 

in volume fraction of PFDA. The OCH2 peak stays relatively constant throughout 

the different mixtures.  

 

 
Figure 5.5: The peak intensity at 725 cm-1, as a function of PFDA content in mixture 1. The internal 

reference, i.e. the OCH2 group, at 1451 cm-1 remains constant through the samples of different volume 

ratios. 
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The calculated ratios between the peak integral of the CF3 peak and the OCH2 peak 

for the different volume ratios for mixture 1 and 2 are shown in Figure 5.6. Both of 

these calibration curves were used to determine the composition of the coating. A 

high ratio indicates a high volume fraction of PFDA and a low ratio will indicate a 

low volume fraction of PFDA.  

 
Figure 5.6: The peak ratio (CF3/OCH2) is plotted for several volume ratios of mixture 1(circles and 

red line) and mixture 2 (squares and blue line). From these points a calibration curve (dotted lines) 

was determined. The calibration curves were used to determine the composition of a sample by 

determining the samples the (CF3/OCH2) peak ratio.  

 

5.3.2 Photo-induced concentration gradients 

Photo-induced concentration gradients in fluorinated coatings were created by using 

3.7 mM of HOB photo-absorber in the monomer mixtures. The resulting 

photo-induced concentration gradients were determined by measuring confocal 

Raman in the thickness direction of the sample. The peak integrals of the vibrational 

peaks of interest were subsequently plotted versus the thickness. In Figure 5.7 the 

peak integrals of the COC, CF3, OCH2 and C=C are shown as a function of the 

thickness in a sample of mixture 1 (50-50).  
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In Figure 5.7, it can be observed the sample was cured throughout the thickness of 

the sample, since the double bond of the (meth)acrylate (C=C) has completely 

disappeared. Figure 5.7 also shows that the peak integral of the COC peak increases 

with thickness, while the CF3 peak integral decreases with thickness. This already 

indicates a concentration gradient throughout the fluoropolymer film was achieved. 

To calculate the volume fraction of PFDA (φPFDA) as a function of the thickness, the 

integral peak ratio of the CF3 peak and the OCH2 peak was used, see Figure 5.8A. 

From the calibration curve for mixture 1 in Figure 5.8B the φPFDA was determined 

for every measurement point along the thickness of the fluoropolymer film.  

 
Figure 5.7: Peak integral variation through the thickness of the fluorinated coating for mixture 1 

(50-50). The top of the coating is at 0 µm.  

 

A well-defined boundary can be observed for the peak integrals at the edges of the 

fluoropolymer film. Due to the probing volume (2-3 µm3) of the confocal Raman the 

transition from glass to the fluorinated coating does not appear to be sharp. In reality, 

this is of course not the case, as the transition from monomer mixture does not diffuse 

into the glass. The probing volume overlaps with both the glass and the fluorinated 

coating giving a gradual increase in intensity with the measurement depth. 
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The same applies for the back of the cell when the probing volume moves from the 

fluorinated coating to the bottom glass. It also has to be noted that the intensity of 

the Raman signal decreases slightly with measurement depth. Both of the above 

mentioned artefacts of the confocal Raman are overcome by using the ratio of the 

peak integrals to determine the composition as all peaks are effected in the same 

way. Nonetheless, data was only considered if values are higher than half of the 

maximum peak integral value. 

 

 
Figure 5.8: A) The peak ratio of the CF3 and the OCH2 peak as a function of the thickness. B) With the 

calibration curve of mixture 1 the φPFDA can be determined from the peak ratio.  

 

φPFDA as a function of the coating thickness is shown for the mixture 1 (50-50) 

sample. It is shown that the φPFDA was higher at the top of the fluorinated coating 

(towards the light source), indicating PFDA diffused towards the light source as 

expected from previous experiments from Chapter 2. The φPFDA at the top of the 

fluorinated coating was 0.53 and 0.39 at the bottom. This shows that a photo-induced 

concentration gradient was generated and a volume fraction difference between the 

top and the bottom of the coating of 0.14 was achieved.  



Vertical photo-induced diffusion for tunable surface properties in fluorinated coatings 

 

97 
 

 

Figure 5.9: φPFDA as a function of the thickness as determined from Figure 5.8. 

 

Using the same procedure, measurements using different volume ratios of PFDA in 

mixture 1 were carried out. In Figure 5.10 peak integrals and the corresponding 

volume fraction of PFDA through the thickness of sample of these coatings after 

photopolymerisation are shown. It is clear that the photo-induced diffusion was 

successful for all volume ratios of mixture 1. The photo-induced diffusion is 

dependent on the reactivity and the mobility of the two monomers and this will 

influence which monomer will diffuse where21,29. It was previously shown that the 

PFDA diffuses towards the illuminated areas compared to the higher molecular 

weight cross-linker, P-20 (see also Chapter 2)27. Due to the difference in molecular 

weight between the two cross-linkers it is of interest to investigate the influence of 

the molecular weight on the photo-induced diffusion.  

 

0 4 8 12 16 20
0.2

0.3

0.4

0.5

0.6

 starting point: ϕPFDA = 0.47 
ϕ gradient 

ϕ PF
DA

Thickness (µm)



Chapter 5 

 

98 
 

 
Figure 5.10: Peak integrals for mixture 1 (25-75) and mixture 1 (75-25) are shown in A and B, 

respectively. The volume fractions of mixture 1 (25-75) and mixture 1 (75-25) are shown in C and D, 

respectively. 

 

In Table 5.2 a summary of the PFDA volume fractions of all samples is shown before 

curing (start) and after curing at the top and bottom of the fluoropolymer film. For 

mixture 1, the largest concentration gradient was achieved for the mixture with a 

φPFDA of 0.73. The top of the fluoropolymer film has a φPFDA of 0.79 while the bottom 

has a φPFDA of 0.57. This gives a volume fraction difference between the top and the 

bottom of 0.22. Because, the PFDA is less viscous then the cross-linker, the sample 

with φPFDA of 0.73 has the lowest viscosity of the different mixtures. This will give 

the monomers a higher mobility and therefore they will diffuse faster, resulting in a 

larger concentration gradient. This trend can be observed in Table 5.2 as the φPFDA 

difference between the top and the bottom increases with φPFDA. 
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  Mixture 1  Mixture 2 
φPFDA start 0.26 0.47 0.73  0.27 0.50 0.79 

φPFDA top 0.32 0.52 0.79  0.31 0.64 0.86 

φPFDA bottom 0.20 0.38 0.57  0.22 0.33 0.73 

Δ (φtop-φbottom) 0.12 0.15 0.22  0.09 0.31 0.13 

Table 5.2. PFDA volume fraction after photo-induced stratification for different monomer mixture 

ratios of mixture 1 and mixture 2. 

 

Similar studies were also carried out for mixture 2 containing cross-linker P-20 

instead of P-9. The molecular weight of the cross-linker P-20 was twice as high as 

the molecular weight of the P-9. This higher molecular weight causes a smaller 

diffusion coefficient for the cross-linker, resulting in a larger difference in mobility 

for the P-20 and the PFDA. Therefore, it was expected that a higher concentration 

gradient can be achieved with the higher molecular weight cross-linker, P-20. In 

Figure 5.11 the peak integrals and the corresponding volume fraction of PFDA 

through the thickness of the coating of the three volume ratios of mixture 2 are 

shown. It is clear that the photo-induced diffusion was again successful for all 

samples.  

 

In Table 5.2 the PFDA volume fractions of mixture 2 samples are shown before 

curing (start) and after curing at the top and bottom of the fluoropolymer film. 

Despite the larger difference in mobility between the two monomers, the sample with 

the lowest volume fraction of PFDA had a lower concentration gradient (0.09) than 

the equivalent sample with the shorter cross-linker P-9 (0.12). This can be explained 

by the higher viscosity of the monomer mixture, since it consists of 73 vol% of the 

high molecular weight cross-linker, P-20. For the sample with a φPFDA of 0.50, the 

volume fraction difference (0.31) was achieved between the top and the bottom of 

the coating.  
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The top of the fluoropolymer film has a φPFDA of 0.64 and the bottom a φPFDA of 0.33. 

This volume fraction difference is twice as big as the volume fraction difference with 

the lower molecular weight cross-linker, P-9. This indicates that, as expected, the 

difference in mobility between the two monomers had a large influence on the 

separation of the two monomers with photo-induced diffusion. 

 
Figure 5.11: Peak integrals for mixture 2 (25-75), (50-50) and (75-25) are shown in A, B and C, 

respectively. The calculated volume fractions of the respective mixtures are shown in D, E and F. 
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For the last sample with the highest φPFDA (0.79), the concentration gradient was 

lower than expected when compared to the results of mixture 1. This could be 

explained by the molar ratios between the two monomers. Due to the differences in 

molecular weight and density there are large differences in the amounts of mol of 

each monomer that is present. In this mixture, the volume fraction of PFDA is 0.79 

and that of P-20 0.21. This results in a molar fraction for PFDA of 0.97 and only 

0.03 for P-20. This very low amount of P-20 monomers could explain the low 

concentration gradient, there is such a low amount of P-20 to begin with that the 

concentration gradient can never become very high.  

 

As was shown in Table 5.2 the maximum composition gradient that was achieved 

for the fluoropolymer films fabricated here was 0.31 or 31% for mixture 2 (50-50). 

As can be seen in Figure 5.11E this composition gradient is achieved over 26 µm, 

resulting in a composition difference of 1.2 %µm-1. This is a 44% increase in 

composition gradient compared to the thin film IR reflector of Khandelwal et al..  

 

As a conclusion it has been shown that composition gradients in thin polymer films 

can be achieved by the addition of a photo-absorber. Compared to previously 

reported composition gradients in thin polymer films an increase in 44% was 

achieved. This shows that by tuning the reactivity and mobility of the monomers for 

gradient polymers much larger gradients can be achieved. This can be applied in 

polymer films to achieve different functional properties. Here, for example, the 

composition gradient results in a difference in storage and loss modulus throughout 

the thickness of the fluoropolymer film.  
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5.3.2 Mechanical properties 

To determine the storage-, loss modulus and the tan delta of the gradient coatings, a 

reference curve was made from homogenously cured samples. The mechanical 

properties of homogenously cured samples for both mixture 1 and 2 were measured 

by dynamic mechanical temperature analysis (DMTA), see Figure 5.12.  

 
Figure 5.12. A) Storage Modulus, B) Loss Modulus and C) the tan delta for different volume fractions 

of PFDA in mixture 1 and mixture 2. 

 

In this graph, the storage modulus, loss modulus and tan delta are plotted against 

φPFDA. It was expected that a decrease in cross-linker concentration (increase in 

φPFDA) decreases the storage modulus. It can be seen that this is indeed the case from 

0 to 0.5 φPFDA for mixture 1. However at higher φPFDA, the modulus increases again. 

This increase was explained by the semi-crystallinity of the PFDA upon 

polymerisation as was reported by Yao et al.38. The same trend can actually be 

observed for mixture 2, although the initial decrease in storage/loss modulus was 

very low. It is also interesting to note that the tan delta increases from 0.12 to 0.36 

at a φPFDA between 0 and 0.5 indicating the fluorinated coating becomes less elastic 

and more Newtonian. However, it decreases above 0.5 φPFDA as the fluorinated 

coating becomes semi-crystalline. In section 4.3.1 it was shown with the confocal 

Raman measurements that a composition gradient through the thickness of the 

fluorinated coating was achieved. In combination with the reference curves for the 

homogenously cured samples in Figure 5.12, it can be seen that a gradient in 

composition results in a storage modulus, loss modulus and tan delta variation along 

the thickness of the fluorinated coating. 
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In Figure 5.13, it is shown how the storage modulus, loss modulus and the tan delta 

for the bottom and the top of a coating made from mixture 1 (73-27) were 

determined. From Table 5.2 the φPFDA of the bottom (0.57) and the top (0.79) of the 

fluorinated coating are indicated in Figure 5.13 (red triangles).  From Figure 5.13A 

the storage modulus is determined for the top and bottom of the fluorinated coating 

which were 166 MPa and 56 MPa, respectively. This indicates a 3-fold increase in 

storage modulus was achieved going from the bottom to the top of the coating.  

 

From Figure 5.13B the same can be done for the loss modulus and tan delta resulting 

in a loss modulus at the bottom of the coating of 15 MPa and a tan delta of 0.32 and 

at the top of the coating a loss modulus of 30 MPa and a tan delta of 0.19. All the 

compositions of mixture 1 and 2 were analysed using Figure 5.12 to determine the 

difference in storage and loss modulus between the top and the bottom of the 

fluorinated coatings and are shown in Table 5.3. 

 
Figure 5.13. A) Storage modulus, B) loss modulus and C) tan delta for a fluorinated coating of 

mixture 1(73-27) with an indication of the range covered by the stratified coating produced.  

 

Table 5.3 shows that a difference from top to bottom for all the different volume 

fractions was achieved for both mixture 1 and 2. The highest increase of the 

mechanical properties was reached using mixture 2 (50-50), with storage modulus 

values ranging from 10.3 MPa at the bottom to 44.5 MPa at the top. This represents 

a 4-fold increase in storage modulus for the top of the coating.  

 

 

0.0 0.2 0.4 0.6 0.8 1.0
0

10

20

30

40

50
 Mixture 1
 ϕPFDA top & bottom

Lo
ss

 M
od

ul
us

 (M
Pa

)

ϕPFDA
0.0 0.2 0.4 0.6 0.8 1.0

0.0

0.1

0.2

0.3

0.4

0.5
Mixture 1
 ϕPFDA top & bottom

Ta
n 

de
lta

ϕPFDA

0.0 0.2 0.4 0.6 0.8 1.0
0

70

140

210

280

350
 Mixture 1
 ϕPFDA top & bottom

St
or

ag
e 

M
od

ul
us

 (M
Pa

)

ϕPFDA
A B C



Chapter 5 

 

104 
 

This shows that photo-induced diffusion is able tune the mechanical properties of 

the coatings surface to create more durable coatings. The storage and loss modulus 

of the gradient fluorinated coatings were estimated from a reference curve. To verify 

the results it is recommended that the cross sections of the gradient fluorinated 

coatings are measured by, for example, force modulated AFM. 

 

   Mixture 1  Mixture 2 
φPFDA 0.26 0.47 0.73  0.27 0.50 0.79 

Storage Modulus 
top (MPa) 

44.8 35 166  9.3 44.5 165 

Storage Modulus 
bottom (MPa) 

61.5 39  56  7.2 10.3 61.5 

Loss Modulus  
top (MPa) 

13.4 11.2 30  1.9 10.1 17.8 

Loss Modulus 
bottom (MPa) 

16.2 12.1 15  0.8 2.2 13.2 

Tan delta  
top (a.u.) 

0.30 0.35 0.19  0.16 0.25 0.14 

Tan delta  
bottom (a.u.) 

0.12 0.32 0.32  0.27 0.18 0.22 

Table 5.3. Storage and loss modulus and the tan delta of the gradient coatings of mixtures 1 and 2.  
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5.4 Conclusions 
A light gradient was created in a 30 µm thick cell filled with a monomer mixture 

using a photo-absorber. Due to the light gradient in the monomer mixture, a 

polymerisation gradient occurs upon illumination with UV light. This 

polymerisation gradient caused a chemical potential difference across the thickness 

of the cell. This chemical potential difference was the driving force for monomer 

diffusion towards the top of the cell. As was expected from previous chapters, the 

smaller, more mobile PFDA moved towards the light source resulting in a higher 

concentration of PFDA at the top than at the bottom of the fluorinated coating. A 

compositional gradient was successfully obtained with all volume ratios of both 

mixture 1 and mixture 2. The largest gradient was achieved was a PFDA volume 

fraction difference of 0.31 between the top and the bottom of the film. This resulted 

in a compositional gradient of 1.2 % µm-1, which is 44 % higher than what has 

previously been reported. 

  

It was shown that this difference in composition correlates to a storage modulus that 

is 4 times larger at the top of the coating then at the bottom. This shows that by 

photo-induced diffusion the mechanical properties of the top of a fluorinated coating 

can be tuned. This process shows that fluorinated coatings with potential antifouling 

properties can be tailored in their surface properties. 
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Chapter 6 

Hydrodynamic drag reducing riblets 

in fluorinated coatings 
 

 
Abstract 

 

The reduction of drag along a ship’s hull is of interest to decrease fuel consumption 

and/or to increase speed. Riblet microstructures are known to reduce drag by 

decreasing the surface area that is affected by turbulent vortices. Hydrodynamic drag 

reducing riblets were accurately reproduced, on a small and large scale, in 

fluorinated coatings using a polydimethylsiloxane (PDMS) mould. It was shown that 

these fluorinated monomers are compatible with an industrial riblet applicator that 

resulted in the fabrication of large surfaces (40x200 cm). The skin friction of the 

fluorinated riblet coatings and of a reference riblet coating were measured. The 

maximum drag reduction of the fluorinated riblet coating was 4.1%, while the 

maximum drag reduction of the reference riblet coating was slightly higher at 6.3%. 

This difference between the fluorinated riblets coatings and reference coatings was 

mainly attributed to a difference in riblet geometry and measurement accuracy. It is 

concluded that the fluorinated riblet coating can be used as drag reduction coatings 

to save fuel and reduce carbon dioxide emissions and that they have potentially 

additional benefits such as antifouling properties.   
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6.1 Introduction 
The reduction of drag on walls in turbulent flows is of large interest for more efficient 

movement of fluids along a wall. The reduction of this drag is of particular interest 

to reduce the pressure drop in pipes, decrease fuel consumption or to increase speed 

of transport vessels, to decrease carbon dioxide emissions or combinations 

thereoff1-4.  

 

Drag measurements are often done in wind and/or water tunnels, however forces and 

force differences are small and require large test surfaces. This is often a time 

consuming and expensive operation. An alternative method to measure drag is using 

a Taylor-Couette system which has been widely adopted because it is compact, 

accurate and easy to use5–13.  

 

Several methods have been studied to reduce drag on a wall e.g., polymer additives, 

surfactants and micro air bubbles5,8,10,11. However these methods all rely on changing 

the fluid properties and not on the properties of the wall. Although micro air bubbles 

have been shown to reduce drag, even in field tests, this method needs energy to 

create the micro air bubbles decreasing the net gain of the achieved drag reduction14. 

A different approach is to change the properties of the wall surface that is interacting 

with the fluid. A widely investigated method is the micro structuring of the wall 

surface, more specifically the application of micron sized riblets1–4,7,15–21.  

 

Riblets are believed to lift and pin the naturally occurring fluid vortices in the viscous 

sublayer with turbulent flow. Lifting these fluid vortices reduces the total shear stress 

acting on the surface, since the vortices only contact the small riblet tips, as opposed 

to the total surface area1–4,7,15–21. Various riblet geometries, including shark skin like 

riblets, have been tested and thin blade riblets have been shown are the most optimal 

geometry, see also Chapter 12,7,19.  
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However, these thin blade geometries are difficult to produce outside a laboratory 

environment and they are highly impractical in reality both from a production and 

application point of view as they are not durable in actual applications2. Therefore 

wedge like riblets with trapezoidal grooves are used with a geometry close to that of 

the thin blade riblets. Bechert et al. showed that these ribbed surfaces with 

trapezoidal grooves outperform sawtooth riblets, but have a drag increase relative to 

the blade riblets2. In Figure 6.1 these three riblet geometries are schematically shown 

with their respective maximum drag reduction as measured by Bechert et al.2.  

 

 
Figure 6.1: Several riblet geometries and there maximum drag reduction as achieved by Bechert et 

al.2. 

 

In the previous chapters, the manufacturing and properties of fluorinated antifouling 

coatings was extensively explored. In these chapters, microstructures were 

introduced in the fluorinated coatings to enhance antifouling properties. These 

microstructures however are not suitable as hydrodynamic drag reducing structures 

as totally different structures and length scales are required for this purpose21,22. 

 

Materials that are used for hydrodynamic drag reducing riblet coatings are generally 

not made for antifouling. Here, it is shown that a fluorinated antifouling coating can 

also be used as a hydrodynamic drag reducing coating. The same fluoropolymers 

from the previous chapters were used to create hydrodynamic drag reducing riblet 

coatings. These fluorinated coatings were made from fluorinated meth(acrylates) 

monomer mixtures and were cured by UV light making them compatible with an 

industrial riblet coating technique as shown by Stenzel et al. and Kordy et al.4,23,24.  

Blade Riblets
(max DC = 9.9%)

Wedge Riblets with 
trapezoidal grooves
(max DC = 7.5%)

Sawtooth Riblets
(max DC = 5%)
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6.2 Theory 
Skin friction measurements were performed in a Taylor-Couette experimental setup. 

In such a setup, a turbulent flow is created between two counter-rotating cylinders. 

The cylinders counter-rotate at the same velocity. The experimental setup is shown 

in Figure 6.2. The drag of the coating was determined from the torque measured on 

the inner cylinder7,9,12,16,25.  

 

The height of the inner cylinder is 216 mm and 220 mm for the outer cylinder. 2 mm 

gaps are present between the bottom and top plates of the two cylinders. These so-

called Von Kármán gaps have a slight effect on the measured torque, this is 

accounted for in when the friction factor is determined. The radius of the inner 

cylinder is 110 mm and 120 mm for the outer cylinder. The cylinder gap is thus 

10 mm. In the measurements only the inner cylinder is covered with a coating 

whereas the outer cylinder is hydraulically smooth25.  

 

 
Figure 6.2: Schematic representation and a picture of a Taylor-Couette setup9.  
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The friction coefficient (Cf) is dependent on the wall shear stress (τw) that is acting 

on the cylinder, see equation 6.12. 

 

𝐶𝐶𝑓𝑓 =
𝜏𝜏𝑤𝑤

0.5𝜌𝜌𝑈𝑈𝑠𝑠ℎ2
 equation 6.1 

 

Here ρ is the density of the fluid (water) and Ush is the velocity difference between 

the two cylinders. As equation 6.1 shows, the Cf is dependent on the speed of the 

two cylinders which correlates to the flow speed and as such to the turbulent flow 

regime of the fluid and the Reynolds number. The equation for the Reynolds number 

(Res) is shown in equation 6.2:  

𝑅𝑅𝑅𝑅𝑠𝑠 =
𝑈𝑈𝑠𝑠ℎ𝑑𝑑
𝜐𝜐

 
equation 6.2 

Here d is the gap between the two cylinders and υ is the kinematic viscosity of the 

fluid. By combining equation 6.1 and 6.2 it becomes evident that the Cf is inversely 

proportional to the Reynolds number, see equation 6.3. 

𝐶𝐶𝑓𝑓_𝑅𝑅𝑅𝑅 =
𝜏𝜏𝑤𝑤𝑑𝑑2

0.5𝜌𝜌𝜐𝜐2𝑅𝑅𝑅𝑅𝑠𝑠
2 

equation 6.3 

The drag change (DC) that can be achieved by a coating is the skin friction 

coefficient of that coating minus the skin friction coefficient of a reference which in 

this case is a hydraulically smooth cylinder. The drag change is then defined as 

shown in equation 6.425. 

𝐷𝐷𝐶𝐶 =
𝐶𝐶𝑓𝑓 − 𝐶𝐶𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠ℎ

𝐶𝐶𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠ℎ  
equation 6.4 

 
DC is the change in drag as compared to the reference drag (or friction) of a smooth 

cylinder. A drag increase corresponds with a positive DC, while drag is reduced 

when DC is negative.  
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The (flow) speed largely determines the turbulent flow regime which is represented 

by the accompanying Reynolds number. Different turbulent flow regimes have 

different vortice dimensions and the riblet dimensions need to be adjusted 

accordingly. 

 

Therefor the DC is often plotted against, not only the Res but also against a spacing 

parameter s+. s+ is similar to the Reynolds number, but then in closer proximity to 

the riblets and given by equation 6.52: 

𝑠𝑠+ =
𝑢𝑢𝜏𝜏𝑠𝑠
𝜐𝜐

  equation 6.5 

Here υ is, again, the kinematic viscosity of the fluid and s is the spacing between the 

riblets. uτ is the characteristic velocity for the riblets, called the wall friction velocity. 

Combining equation 6.5 with equation 6.1, only now the velocity is not given by 

Ush but by uτ, results in equation 6.6.  

𝐶𝐶𝑓𝑓_𝑠𝑠+ =
𝜏𝜏𝑤𝑤𝑠𝑠2

0.5𝜌𝜌υ2(𝑠𝑠+)2
 

equation 6.6 

It can be seen that the Cf near the riblets is inversely dependent on the s+ in the same 

way as the Res. The s+ spacing parameter is introduced in order to be able to compare 

the drag reduction obtained from riblets of different dimensions, since the optimal 

Res for different riblet dimensions is not the same2.  
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6.3 Materials and methods 
The monoacrylate, 1H,1H,2H,2H-perfluorodecyl acrylate (PFDA), was purchased 

from Sigma Aldrich. The cross-linker, perfluoropolyether dimethacrylate 

(PFPE-DMA, Fomblin® MD40) and a perfluorinated oil, poly(perfluoropropylene) 

(PPFP-18), Fomblin® Y06), was provided by Solvay Specialty Polymers. A 

photoinitiator, Darocur 1173, was purchased from BASF. All materials were used 

without further purification. 

 

The following monomer mixture was used for experiments: PFDA was mixed with 

PFPE-DMA in a 30-70 volume ratio. 0.7 wt% of photoinitiator HMPP and 1.5 wt% 

of PPFP-18 oil was added to the mixture. For the molecular structures see 

Chapter 3. 

 

The poly(dimethyl siloxane) (PDMS) riblet mould that is used has a negative 

trapezoidal riblet geometry and was supplied by Fraunhofer IFAM. The riblets have 

a spacing (s) of 96 µm and a height (h) of 48 µm. The substrate that is used for the 

riblet coatings is a polyester foil with an adhesive on one side for mounting the foil 

in the measurement setups. As a reference riblet coating a standard riblet coating 

from Fraunhofer IFAM was used as shown in papers from Kordy et al. and Stenzel 

et al. as well as in the patent from Stenzel et al.4,23,24. 

 

For small scale mould replication of the hydrodynamic drag reducing riblets a PDMS 

mould (1x1cm2) was used which was cleaned with isopropanol and blown dry with 

nitrogen. The PDMS mould is then filled with monomer mixture and a 3x3 cm2 glass 

substrate was put on top. The sample was turned up-side down, as the glass substrate 

is not transparent for UV light, and illuminated through the PDMS mould with UV 

light (EXFO Omnicure S2000 lamp) for 300 seconds with an intensity of 

100 mW/cm2 in the UVA range (320-390 nm) to fully polymerize the sample. After 

polymerization the PDMS mould was carefully removed. 
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 The large scale mould replication of the hydrodynamic drag reducing riblets was 

done at Fraunhofer IFAM with an automated riblet applicator4,23. A schematic 

representation of the applicator is shown in Figure 6.3. A monomer mixture was 

deposited on a flexible silicon mould that subsequently moves over a substrate. The 

silicon mould is pressed on the substrate by foam rollers for an even force 

distribution. Subsequently, the monomer mixture was cured with the build-in UV 

lamp. The cured coating is continuously being separated from the mould at the back 

of the applicator as the coating sticks to the foil substrate and the mould moves away 

from the substrate4,23,24. 

 
Figure 6.3: Schematic representation of the automated riblet applicator developed by Fraunhofer 

IFAM. The coating material is deposited on a flexible mould that subsequently moves over a substrate 

where the coating is cured with the build in UV lamp. When the monomer mixture is cured the mould 

detaches from the cured coating all the while the applicator is moving along the substrate4,23,24.  

  

6.3.1 Characterisation 

Scanning electron microscopy (Jeol JSM-IT100 or Jeol JSM-5600) was used to 

measure the shape of the riblet structures. Samples were prepared for SEM by 

adhering samples to aluminium SEM stubs with carbon tape and subsequent 

sputter-coated with Au (approximately 15 nm) in an argon atmosphere. Height 

profiles and 3D surfaces of the riblets are measured with a Brüker DektakXT with a 

needle force of 1 mg. A width of 300 µm was measured with 30 µms-1 over length 

of 300 µm at 3 µm intervals. 
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6.3.2 Skin friction measurement procedure 

Skin friction measurements were done at Delft University of Technology by Henk 

Benschop25. To ensure no contaminants will leach out of the cylinders/coatings 

during the measurements the poly(methyl methacrylate) (PMMA) cylinders (with 

and without coatings) were immersed in demineralized water for a minimum of 2 

weeks.  

 

The cylinders counter rotate at the same speed and while temperature, torque and 

angular velocity are being measured to determine the skin friction. Since the 

temperature gradually increases by the rapid rotation of the cylinders, the waters 

viscosity gradually decreases which causes. When the cylinders were at rest, the 

temperature of the demineralized water was manually measured via an opening in 

the top lid by a thermocouple (RS, Type K) coupled to a digital thermometer 

(RS1319A). During operation of the setup this is not possible since the system is 

completely closed. Therefore the temperature of the outside wall of the outside 

cylinder was monitored in time by an infrared-thermometer (Calex Pyropen). To 

execute the measurements series and record the data (torque and angular velocity 

inner cylinder)  a software program (LabVIEW, National Instruments Corp.) was 

used7.  

  

The speed of the cylinder was increased in 38 steps from 0 to about 4.6 ms-1, such 

that the velocity difference between the inner and the outer cylinder varies from 0 to 

9.2 ms-1. Measurements were taken at each cylinder speed, with a sampling 

frequency of 2 kHz for 120 s. The average torque was determined from the last 

100 seconds of the measurement to ensure that the cylinder is not accelerating25. It 

has to be noted that several factors have a large influence on the drag measurements. 

The measurement uncertainty of drag measurements for Res > 3  104 was estimated 

to be around ±1 %25.  
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6.4 Results and discussion1 
As proposed by Bechert et al. a wedge like riblet geometry with trapezoidal grooves 

was used, as it is close to the optimal blade geometry but is more durable and easier 

to manufacture2. The intended geometry of the riblets was a riblet spacing of 96 µm 

and a riblet height of 48 µm. The ratio of height (h) versus spacing (s) is chosen 

specifically to be 0.5 as it has been shown previously that h/s = 0.5 gives optimal 

drag reduction2,21.  

 

The PDMS mould was characterized using SEM. In Figure 6.4 a top view and a side 

view of the mould is shown. In Figure 6.4, it is shown that the depth of the mould 

was approximately 43.5 µm and the riblet spacing was approximately 92 µm. This 

deviates quite substantially from the intended 48 µm and 96 µm for the riblet height 

and spacing, respectively. This mismatch in dimension could have two reasons. 

Firstly, due to the perspective of the SEM, the measurement that was done on the 2D 

image could be slightly off. However, this was not expected to give such a large 

deviation. Secondly, it is possible that the PDMS mould shrank after moulding due 

to polymer shrinkage. It was assumed the maximal height of the riblets that can be 

obtained was the maximal depth of the mould as measured in Figure 6.4.  

 
Figure 6.4: SEM images of the PDMS mould that has the negative shape of the wedge like riblets with 

trapezoidal grooves. 

                                                
1 The results discussed in this section are part of a collaboration with Dorothea Stübing at Fraunhofer 
IFAM in Bremen. 
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Small scale lab test were done to measure the accuracy of mould replication in the 

fluorinated monomer mixture. In Figure 6.5 three SEM images of such a sample are 

shown. For the optimal drag reducing riblets it is vital that the tips of the riblets are 

as sharp as possible2. In Figure 6.5, it can be seen that the tips of the riblets were 

neatly reproduced from the mould and that the spacing and height correspond to the 

dimensions of the mould. However, it has to be noted that it can be observed that the 

tips of the riblets are frequently, although slightly, damaged. This could lead to more 

blunt riblet tips which can have a negative effect on the drag reduction properties of 

the riblet coating2.  

 

 
Figure 6.5: SEM images of a replica of the riblets in the fluorinated monomer mixture. The riblets have 

a spacing of 92 µm and a height of 43.2 µm. It can be seen in the top view image the tips are frequently, 

although slightly, damaged.  

 

In Figure 6.6A a 3D height image is shown and a height profile of one of the 

measurements is shown in Figure 6.6B. From the profilometer measurements the 

riblets were approximately 41 µm high.  In Figure 6.6B, it can be observed that the 

riblets have an asymmetrical shape and the height was about 2.5 µm less than the 

depth of the mould. This mismatch in height between the mould and especially the 

asymmetry of the riblet shape can be explained by the profilometer needle. The 

profilometer needle is moved across the surface over the riblets with a certain speed 

and force.  
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At the top of the riblets the force of the needle deforms the soft fluoropolymer and 

the riblet tip bends, when the needle then moves over the top the tip moves back 

towards it position and the needle will jump down onto the side of the riblet. This 

effect can clearly be seen in Figure 6.6B. After the top off each riblet the profiles 

goes straight down until it hits the side of the riblet.  

 

 
Figure 6.6: A) 3D surface and B) height profile of the fluorinated riblet coating made on small scale. 

The riblets are approximately 41 µm high. 

 

From the SEM images the riblets were symmetrical confirming this deformation was 

an effect of the profilometer needle. Therefore, it was assumed the riblets were 

actually higher than the measured 41 µm and a good reproduction of the riblet was 

achieved. 

 

To be able to measure the drag reducing properties of these coatings large surfaces 

(min. of 40x20 cm for Taylor-Couette cylinders) need to be produced. Fraunhofer 

IFAM has developed a method to create microstructured coatings on large 

surfaces4,23. This method is a simultaneous embossing-curing method that allows the 

microstructures to be accurately transferred to the coating, see Figure 6.3.  
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Figure 6.7: A) A photograph of the automated riblet applicator during operation indicating the area 

where riblets are deposited on the substrate. B) A photograph of the PMMA cylinders that are coated 

with the fluorinated riblet coating.  

 

The process involves curing with UV light through a PDMS mould with the negative 

of the riblet structure. Subsequently, the PDMS mould was removed from the cured 

coating, all while the applicator was moving along the surface4,23. See Figure 6.3 for 

a schematic representation of the applicator. In Figure 6.7A a picture of the setup 

during operation is shown. With the automated riblet applicator the monomer 

mixture was deposited, moulded and cured on the foil substrate resulting in an area 

of ± 40x200 cm. Two areas of 40x20 cm were cut out and glued to the Taylor-

Couette cylinders, see Figure 6.7B. 

 

 
Figure 6.8: SEM images of a large scale mould replication of the riblets in the fluorinated monomer 

mixture. The riblets are accurately reproduced with approximately the same height (42.7 µm) as that 

of the mould.  
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 The riblet coating was characterised by SEM and by profilometery. In Figure 6.8 

three SEM images are shown and it can be seen that the riblet geometry was again 

accurately reproduced in the monomer mixture. As with the riblets made on a small 

scale the riblet heights appear to slightly lower (±42.7 µm) than the depth of the 

mould (±43.6 µm). 

 

In Figure 6.9A a 3D height image can of the large scale riblets is shown and a height 

profile of one of the measurements is shown in Figure 6.9B. The large scale riblets 

show the same shape as was seen for the small scale riblets. The large scale riblets 

were approximately 41 µm high and also show the slight asymmetrical shape as was 

seen for the small scale riblets. 

 

The difference between the heights measured by the SEM and by the profilometer is 

an artefact of the profilometer measurement as discussed for the small scale riblets. 

Nevertheless the riblet height measured in around 41-42 µm which is in good 

approximation of the depth of the mould (43.6 µm). It is also interesting to note that 

Kordy et al. showed similar riblet height deviations in an extensive study on the 

process abilities of this automated riblet technique23. 

 
Figure 6.9: A) 3D surface and B) height profile of the fluorinated riblet coating made with the riblet 

applicator. The riblets are approximately 41 µm high.  
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6.4.1 Hydrodynamic drag measurements2 

Skin friction measurements have been performed on 5 uncoated PMMA cylinders to 

check reproducibility of the results with previous Taylor-Couette experiments7,9,12,25. 

The drag of the uncoated cylinders is determined with equation 6.1 which yields in 

a friction coefficient (Cf) of: 𝐶𝐶𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠ℎ = 0.0165𝑅𝑅𝑅𝑅𝑠𝑠−0.243, see Figure 6.10. This is 

in agreement with an ordinary boundary-layer flow along a hydraulically smooth 

plate where the Reynolds number dependence is close to 𝐶𝐶𝑓𝑓~𝑅𝑅𝑅𝑅𝑠𝑠
−1/4 2,7. These 

measurements are used as a baseline for the riblet measurements25. With measured 

friction coefficient of a smooth uncoated cylinder the drag change can be determined, 

as shown in equation 6.4.  

 
Figure 6.10: The friction coefficient as a function of the shear Reynolds number of 5 smooth cylinders. 

It can be seen that the Reynolds number dependence is close to Cf ~ Res-1/4. Data was provided by H. 

Benschop25 

 

                                                
2 The results discussed in this section are part of a collaboration with dr. ir. Wim-Paul Breugem and 
Henk Benschop MSc. of the Mechanical, Maritime and Materials Engineering department at Delft 
University of Technology. See reference 25: H.O.G. Benschop and W. –P. Breugem, Delft University 
of Technology, http://seafront-project.eu/publications/public-deliverables, 1.2, 2016 
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The fluorinated riblet coating and a reference riblet coating were measured with a 

Taylor Couette setup. In Figure 6.11 the DC for both riblet coatings is shown as a 

function of the Reynolds number Res and of the riblet spacing s+. The maximum drag 

reduction that was achieved for the fluorinated riblet coating was 4.1% and for the 

reference riblet coating the maximum drag reduction was 6.3%. These results were 

less than the expected 7.5% for similar riblets as shown by Bechert et al.2. 

  

The maximal drag reduction achieved by Bechert et al. was achieved by precise 

milling of metal surfaces2. The surface made here were polymer reproductions of a 

silicon mould. This process is more prone to the creation of surface defects as was 

shown by Kordy et al.23. These defects will increase the drag on the tested riblet 

coating. This combined with the measurement uncertainty of ±1% of the used Taylor 

Couette setup, it can be concluded the 6.3% is within measurement accuracy of the 

7.5% obtained by Bechert et al.2.  

 

 
Figure 6.11: Drag reduction of both riblet coatings shown as a function of the Reynolds number (A) 

and as a function of the spacing number s+ (B). A maximum DC of 4.1% was achieved for the fluorinated 

riblet coating and 6.3% for the reference riblet coating. Data was provided by H. Benschop25.  

 

The difference between the maximum drag reduction of the reference riblet coating 

and the fluorinated riblet coating can be explained by several factors.  
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Firstly, as mentioned the drag reduction is highly dependent on the geometry of the 

riblets. For example in Bechert et al. it is shown that the angle of the tips of the riblet 

geometry has a large influence on the drag reducing properties2. When the angle of 

the riblet tips was reduced from 45° to 30° the drag decreases from 7.5% to 8%. As 

was mentioned earlier, the intended riblet geometry was slightly different from the 

PDMS mould. This difference in geometry increases that riblet tip angle to 

approximately 52°. This increase in angle will increase the drag or in other words 

decrease the maximum drag reduction that can be obtained.  

 

Secondly, the drag increase could be explained by the accuracy with which the riblet 

tips were reproduced. If the riblet tips were not well reproduced from the mould or 

if the tips break off during mould removal or handling and therefor were blunter this 

will also increase the total drag on the coating as the surface area with the turbulent 

vortices is increased21. Both of the mentioned factors highly influence the drag 

reducing properties of the riblets.The reference coating is a coating that is optimized 

for the fabrication of hydrodynamic drag reducing riblets and for durability, not 

however for antifouling properties. Despite the fact that the reference riblet coating 

might have a better drag reduction as the fluorinated riblet coating, it has no 

antifouling properties. Therefore it could be more advantageous to use the 

fluorinated riblet coating to get a more synergistic coating combining its drag 

reducing and antifouling properties.  

 

It was shown that an antifouling fluorinated riblet coating exhibit a substantial drag 

reduction of approximately 4%. Up to 70% of the total drag of a shipping container 

is due to turbulent skin friction. Thus the drag reduction potential for the fluorinated 

riblet coatings is about 2.8%. This value is further reduced by the fact that the entire 

hull cannot be coated and alignment to the flow direction may be suboptimal in some 

places2. Therefor an estimate for the real drag reduction potential would be 2%.  
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For a container vessel of about 9000 TEU (twenty foot equivalent unit = ½ standard 

container) with an estimated fuel consumption of 300 tonnes/day, this reduction in 

drag saves about 6 tonnes of fuel per day26. This fuel savings accumulates to an 

annual fuel savings of over 2200 tonnes. This is a cost savings of about 0.65 million 

dollars and a CO2 emission savings of about 7000 tons per year26,27. 

 

6.5 Conclusions 
It was shown that the fluorinated monomer mixture could be reproduced from a 

PDMS mould on a small scale (1x1 cm). The produced fluorinated riblet had an 

average height of 41 µm, which is slightly less than the depth of the PDMS mould 

(43.6 µm). This was mainly explained by the deformation of the riblet tips by the 

force of the profilometer needle. The monomer mixture was successfully used with 

an industrial riblet applicator from Fraunhofer IFAM which resulted in large 

40x200 cm fluorinated riblet coating. It can be concluded that for the small and large 

scale samples the riblets are reproduced accurately.  

 

The fluorinated riblet coating showed a maximum drag reduction of 4.1% while the 

reference riblet coating showed a maximum drag of 6.3%. Although the drag 

reduction of the fluorinated riblets coatings is slightly less compared to the reference 

coating, the fluorinated riblets have the advantage that they can be used as 

antifouling coatings. This can be a synergistic coating for both hydrodynamic drag 

reduction and antifouling properties. 

 

It was calculated that an annual fuel savings over 2200 tonnes could be achieved this 

drag reduction. This would result in a cost savings of about 0.65 million dollars and 

a CO2 emission savings of about 7000 tons per year.  
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Chapter 7 

Switchable surface structured  

hydrogel coatings 
 

 
Abstract 

 

Switchable surface structures based on hydrogels are an emerging field in material 

science, microfluidics, soft robotics and anti-fouling coatings. Here, a novel method 

that uses a photo-cross-linkable terpolymer to create a hydrogel coating with a 

switchable surface structure is described. The terpolymer is based on 

poly(N-Isopropylacrylamide) (PNIPAm) and it is shown that simple coating 

technologies like slit die coating can be used under ambient conditions. It is also 

shown that the swelling ratio of the coating is controlled by the energy dose of 

ultraviolet (UV) light. Simple and complex surface structures are created using, 

respectively, single or multiple UV illumination steps through masks and it is shown 

that the hydrogel coatings can be reversibly switched from a structured state to a flat 

state with temperature.  
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7.1 Introduction 
Shape changing surfaces have been of considerable interest in a variety of different 

fields and for various purposes (e.g., optical manipulation1, environmental sensing2,3, 

and friction control4). Stimuli responsive hydrogels are one class of materials that 

can be used to create these shape-changing surfaces. These stimuli responsive 

hydrogels can switch between a swollen and collapsed state in response to 

environmental changes that include for example, humidity5,6, pH7,8, temperature8–10 

or light11–14. Hydrogels operate in an aqueous environment and therefore they have 

potential applications in microfluidic devices8,15,16, for cell cultivation surfaces17-21 

or antifouling surfaces22,23. 

 

Hydrogels with static surfaces relief structures are of interest in cell behaviour 

studies during cultivation20,24. However, cells constantly interact with its 

surroundings, like topography. For a better understanding of the cell behaviour to 

these changes in topography, dynamic hydrogel surfaces have also been 

investigated21. Surfaces that are able to switch their topographies are not only of 

interest in cell behaviour studies, but also in protein absorption studies25, tunable 

wettability26, microfluidic applications15,16,27 and photonic sensors28.  

 

A well-known stimuli responsive polymer is poly(N-isopropylacrylamide) 

(PNIPAm). PNIPAm is a temperature responsive polymer that undergoes a phase 

transition at roughly 32 °C, also known as the lower critical solution temperature 

(LCST)29. This phase transition has been attributed to hydrogen-bonding tendency 

of water molecules30. It is thought that the water molecules form ordered structures 

around the side chains of the polymer. Upon an increase in temperature the phase 

transition is driven by entropy gained from the release of water molecules which are 

partially immobilized by the hydrophobic isopropyl groups31,32.   
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A cross-linked (PNIPAm) network swells in the presence of water below the LCST 

and forms a hydrogel. The swelling ratio of such a hydrogel is determined by the 

cross-link density. Above the LCST, water is expelled from the hydrogel and the 

hydrogel collapses33. Free-standing cross-linked PNIPAm hydrogels have been 

extensively investigated and a wide variety of shapes have been shown in previous 

studies14,33–36. Studies have also been conducted into surface-attached PNIPAm 

hydrogels investigating constrained swelling of PNIPAm hydrogels8,10,31,37,38. Few 

studies created cross-link density differences in the surface-attached coatings getting 

a surface structured hydrogel that was temperature responsive. However, these 

hydrogel coatings were synthesized by polymerizing and cross-linking monomers 

by radical polymerization, which is sensitive to oxygen inhibition and were 

fabricated using glass cells7,9,11,12. This limits these methods for coating larger 

surfaces and more complex surfaces than a flat glass substrate.  

 

In this study a new method to create switchable surface structured hydrogel coatings 

is shown. The polymer coating was made from a terpolymer based on PNIPAm 

which contains a photo-cross-linker: benzophenone acryl amide (BPAm). The 

polymer coatings were coated on a single substrate via industrial coating techniques 

i.e. slit die coating. The polymer was photo-cross-linked in air, eliminating the need 

for an inert atmosphere36. By using multiple UV illumination steps it was shown that 

the swelling ratio can be locally varied, resulting in surface structures at temperatures 

below the LCST. When the temperature of the water is increased above the LCST 

the hydrogel expels water and collapses to a flat state. This switchable surface 

structured hydrogel is of interest as an antifouling coating as it combines several 

antifouling strategies. The surface topography and highly hydrated surface can 

reduce settlement and the responsiveness of the surface structures gives a dynamic 

component to the surface that is beneficial for fouling release properties.  
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7.2 Materials and methods 
 
7.2.1 Synthesis of benzophenone acrylamide 

Benzophenone acryl amide (BPAm) was synthesized according to the method of 

Kim et al.34 Briefly, 4-aminobenzophenone (Sigma-Aldrich) (1.0 g, 5.07 mmol), 

acryloyl chloride (Sigma Aldrich) (453 µL, 5.56 mmol) and triethylamine (Sigma-

Aldrich) (777 µL, 5.57 mmol) were dissolved in 10 mL of anhydrous 

dichloromethane (DCM, Biosolve). The solution was stirred for three hours and 

subsequently extracted three times each with 1 M HCl, saturated NaHCO3, and 

finally with demineralized water. The extracted solution was dried using Na2SO4 and 

the DCM was evaporated by rotary evaporation. The remaining solid was purified 

by column chromatography on silica gel using 70% n-hexane : 30% ethyl acetate 

mixture as eluent. BPAm was obtained as a white solid. The product was dried at 

40 °C overnight (yield 72%). 1H-NMR (CDCl3, 600MHz): δ = 7.89 (s, N-H), 7.83 

(m, 6x CH arom.), 7.58 (tt, J = 3, 11 Hz, 1x CH arom.), 7.47 (t, 11Hz, 2x CH arom.), 

6.47 (dd, J= 2, 25 Hz, CH2=CH), 6.33 (dd, J = 16, 26 Hz, CH2=CH), 6.29 (dd, J = 2, 

15 Hz, CH2=CH).  

 

7.2.2 Synthesis of poly(NIPAm-co-BPAM-co-AAc) 

For the experiments, three different monomers were used: NIPAm, BPAm and 

acrylic acid (AAc). Each monomer has a different function for the polymer: NIPAm 

is temperature responsive, BPAm is a photo-cross-linker and AAc increases the 

hydrophilicity of the polymer. The resulting terpolymer is named 

poly(NIPAM-co-BPAm-co-AAc) (PNBA). The synthesis was done for the 

following mol ratios of the monomers: 92.3 mol % NIPAm, 1.9 mol % BPAm and 

5.8 mol % AAc. In a round bottom flask 4.0 g NIPAm, 161 mg AAc, 183 mg BPAm 

and 11.8 mg of azobisisobutyronitrile (AIBN) initiator were dissolved in 40 mL 

1,4-dioxane.  
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After three cycles of freeze-pump-thaw and nitrogen purge the solution was heated 

to 80 °C in an oil bath overnight. The 1,4-dioxane solution was precipitated in cold 

diethyl ether and filtered with a büchner funnel. The remaining solvent was 

evaporated under reduced pressure to give a white solid. The terpolymer was 

subsequently dried in a vacuum oven overnight at 65 °C. 1H-NMR (THF d8, 

400 MHz): δ = 10.02 (s, OH), 7.78 (m, 6x CH arom.), 7.51 (m, 3x CH arom.), 7.18 

(s, NH), 4.86 (s, NH), 4.02 (m, NH-CH-C2H6), 2.82-1.67 (3x m, polymer backbone), 

1.16 (m, 2x CH-CH3) 

 

Figure 7.1: The chemical structure of the photo-cross-linkable and temperature responsive terpolymer.  

 

7.2.3 Sample preparation 

Glass substrates were cleaned by sonication (acetone, 15 min), and subsequently 

treated in an UV-ozone oven (Ultra Violet Products, PR-100, 20 min). The surface 

of the glass substrates were modified by spin coating a solution of 

3-(trimethoxysilyl)-propyl acrylate (1% v/v in a water/isopropanol mixture, 1:1) 

onto the activated glass substrate for 30 sec at 3000 rpm. After curing for 10 min at 

110 °C, the substrates were ready for use. The terpolymer was dissolved in a 1:2 

ratio in ethanol and coated onto the prepared glass substrates with a RK K control 

coater (slit size: 200 µm). The PNBA coating was then dried for 10 min at 100 °C. 
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The terpolymer coating was subsequently photo-cross-linked using UV light 

(Omnicure S2000, UVA range: 320-390 nm) at an intensity of 25 mW cm-2 until a 

total energy dose of 1, 2.5, 5, 10, 25, 50 or 100 J cm-2 was achieved. For the line 

patterns two subsequent illumination steps were used. First the coating was 

illuminated with a mask until the desired cross-link density difference between the 

areas was achieved. Then the mask was removed and the entire PNBA coating was 

illuminated to cross-link the whole coating to the desired cross-link densities. 

  

For the ratchet-like surface structures PNBA coating was mask illuminated with an 

energy dose of 25 J cm-2 and subsequently the entire coating was illuminated with a 

lower energy dose of 2.5 J cm-2 to cross-link non-illuminated areas. Subsequent to 

the illumination procedure the PNBA coatings were swollen in demineralized water 

at room temperature (23 °C). For a more complex surface topography a three step 

illumination procedure was done. A line mask with a pitch of 150 µm was used in 

both of the mask illumination steps. In the first step the PNBA coating is illuminated 

with an energy dose of 2.5 J cm-2, then the mask was turned 90 degrees and in the 

second step the PNBA coating was illuminated with an energy dose of 5 J cm-2. For 

the last step the mask was removed and the whole PNBA coating was illuminated 

with a final energy dose of 2.5 J cm-2. This resulted in four different areas with 2.5, 

5, 7.5 and 10 J cm-2. 

 
7.2.4 Characterisation 

The absorption spectra were measured with UV spectrophotometer (Shimadzu, 

UV-3102 PC). The thickness of surface-attached PNBA coatings were measured 

with a confocal microscope Sensofar Plµ 2300 in combination with a 20x immersion 

objective (Nikon, CFI Fluor 20XW). The immersion objective allows for 

measurements in an aqueous environment. To increase the reflectance of the 

hydrogel surface a very thin gold layer (15 nm) is sputter coated (Emitech K550, 

25 mA, 2 minutes) on the PNBA coating.  
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The PNBA coatings were first measured in the dry state and subsequently a water 

droplet was put on the entire PNBA coating and the objective was immersed in the 

water droplet. The PNBA coating was left to equilibrate for 15 minutes, before each 

measurement. A hot stage (Linkam, THMS600) was placed underneath the sample 

to control the temperature. To determine the swelling ratio as a function of 

temperature, the hot stage was gradually heated with steps of 0.5 °C from 23 °C 

(room temperature) to 50 °C. The hot stage was used to switch between 23 °C and 

50 °C. The temperature cycles were repeated for several times, with a minimum of 

three cycles. Because the total amount of swelling was dependent on the thickness 

of the PNBA coatings the thickness measurements of the wet coatings were 

normalized to a swelling ratio, defined by the ratio of the thickness of the hydrogel 

coating in water (swollen thickness) to that in air (dry thickness). 

 

7.3 Results and discussion 
 

7.3.1 Photo-cross-linking 

The BPAm is a photo-cross-linker that cross-links polymer chains upon UV 

illumination. UV light (~250-365 nm) triggers an n-π* transition in BPAm that 

results in a diradical species. The diradical species abstracts a hydrogen from a 

neighbouring aliphatic group creating a stable C-C bond31,37–39. The absorption 

spectra of homogeneously illuminated PNBA coatings with different energy doses 

of UV light are shown in Figure 7.2A. In the absorption spectra, it can be observed 

that the BPAm peak at 300 nm decreased with increasing energy dose, indicating 

that BPAm was being converted and that the PNBA was cross-linked. The arising 

peak at 250 nm was contributed to the less conjugated reaction product of BPAm 

after recombination36.  
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Figure 7.2: A) UV absorption spectra of a 2 µm thick PNBA coating. The absorption peak of BPAm at 

300 nm decreases with increasing energy dose. B) The intensity of the absorption peak at 300 nm as a 

function of the energy dose. 

 

The temperature-induced phase transition of a swollen to a non-swollen state of the 

surface-attached PNBA hydrogels was investigated by measuring the thickness of 

the hydrogel coatings at various temperatures between room temperature (23 °C) and 

50 °C. The thickness of the hydrogel coating is measured using in-situ confocal 

microscopy in conjunction with an immersion objective. This enables one to 

characterize the thickness of the hydrogel coatings locally on a micrometre scale, 

which is not possible with other techniques, such as ellipsometry or neutron 

reflectometry8,10. 

 

7.3.2 Swelling ratios 

The swelling ratio is defined as the thickness of the hydrogel coating in water 

(swollen thickness) to that in air (dry thickness). The swelling of the hydrogels was 

determined by measuring the thickness of the hydrogel coating with confocal 

microscopy for different energy doses and/or temperatures. In Figure 7.3A, the 

swelling ratio of a hydrogel coating that was homogenously cross-linked, with an 

energy dose of 2.5 Jcm-2, is plotted as a function of temperature. It can be observed 

that the swelling ratio was dependent on the temperature. At high temperatures far 

above the LCST, a swelling ratio of 1.1 was found.  
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It appears that the water was not entirely excluded from the collapsed PNBA 

hydrogel, which is in agreement with previous studies8,10,40. For further experiments 

only 23 °C and 50 °C were used, since this results in the biggest difference in 

swelling ratio.  

 

Figure 7.3: A) The swelling ratio of a homogenously cross-linked PNBA coating is shown as a function 

of the temperature. B) It is shown that the swelling ratio at 23 °C is dependent on the energy dose. Note 

that swelling ratio of the hydrogels at 50 °C is independent on the energy dose. 

 

Previously, studies showed that there a direct relationship exists between the 

cross-link density and the swelling ratio of a hydrogel31,34,38. In Figure 7.3B the 

swelling ratios of different homogenously cross-linked PNBA hydrogels are plotted 

against the energy dose. It is shown that the swelling ratio was dependent on the 

energy dose. In fact, a direct relationship was observed with the UV absorption of 

PNBA coatings. Which confirms that an increase in conversion of BPAm results in 

a higher cross-link density, which in turn results in a lower swelling ratio for the 

PNBA network. In Figure 7.3B the swelling ratio is also shown above the LCST (50 

°C). It can be observed that the swelling ratio above the LCST was not dependent on 

the energy dose. This indicates that the collapse of the PNBA hydrogel network is 

not affected by the cross-link density31,37,40.  
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An example of the swelling and collapse of a hydrogel coating cross-linked with 2.5 

J cm-2 is shown in Figure 7.4A. In Figure 7.4B, it is shown that the swelling and 

collapse of the hydrogel coating was reversible over several temperature cycles. 

 

 

Figure 7.4: The swelling ratios were measured in-situ with a confocal microscope for a homogenously 

cross-linked (2.5 Jcm-2) PNBA coating, with an initial thickness of 8 µm, at different temperatures. In 

A) the PNBA coating is shown prior to swelling (black), after swelling in 23°C water (blue) and in 50°C 

water (red). B) The hydrogel can be switched between the two different swelling ratios over several 

temperature cycles. 

  

7.3.4 Patterned photo-cross-linking 

From the homogenously cross-linked hydrogels it can be concluded that the swelling 

ratio was dependent on energy dose at 23 °C. However, the swelling at 50 °C was 

independent of the energy dose. The combination of these properties was used to 

create a switchable surface structure. For example, two adjacent areas could be 

illuminated with 2.5 Jcm-2 and 50 Jcm-2, respectively. When swollen in water at 

23 °C the area with low cross-link density swells to a swelling ratio of 2.5, while the 

area with high cross-link density swells to a swelling ratio of 1.8. This will result in 

a height difference between the two areas. According to the swelling ratios found for 

homogenously cross-linked coatings (Figure 7.3B), both areas will collapse upon 

heating to a swelling ratio of 1.1, resulting in a flat surface.  

In
iti

al
 s

w
el

lin
g

he
at

in
g cooling

0 1 2 3 4 5 6
0.0

0.5

1.0

1.5

2.0

2.5

3.0

 Dry  23C  50C
Sw

el
lin

g 
R

at
io

 (a
.u

.)

Temperature Cycles
0 25 50 75 100 125 150

0.0

0.5

1.0

1.5

2.0

2.5

3.0

Sw
el

lin
g 

R
at

io
 (a

.u
.)

X(µm)

 Dry
 23C
 50C

A B

Glass surface Hydrogel coating



Switchable surface structured hydrogel coatings 

 

141 
 

This shows it is possible to create a hydrogel surface that is switchable between a 

flat and a structured state. To create such a switchable surface structure a two-step 

illumination was used to locally create different swelling ratios. In the first step the 

PNBA coating was illuminated through a mask until the desired cross-link density 

difference was achieved. Subsequently, the entire PNBA coating was illuminated 

until the desired cross-link densities were obtained. The illumination procedure is 

schematically shown in Figure 7.5. 

 
Figure 7.5: Schematic representation of the UV illumination procedure. The PNBA coating is first 

illuminated through a mask, with a high energy dose, and subsequently the entire PNBA coating is 

illuminated, with a low energy dose, to create different cross-link densities throughout the coating. 

 

Areas were illuminated with a high energy dose (low swelling ratio) of 50 J cm-2 and 

with a low energy dose (high swelling ratio) of 2.5 J cm-2. In the two-step 

illumination procedure a line mask with a pitch of 150 µm was used. In Figure 7.6A 

there are two areas with different swelling ratios upon swelling in water at 23 °C 

and, as with homogenously cross-linked hydrogels, both areas collapse to a swelling 

ratio of 1.1 when heated to 50 °C resulting in a flat coating.  
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It has to be noted that in Figure 7.6A the axis are not proportional. Therefore the 

surface structures may appear higher than in reality. In Figure 7.6B, it is shown that 

this process is reversible over several temperature cycles. This shows it is possible 

to create a switchable surface structured hydrogel coating.  

 

Figure 7.6: The swelling ratios were measured in-situ with a confocal microscope for a patterned 

photo-cross-linked (2.5 and 50 Jcm-2) PNBA coating, with an initial thickness of 10 µm, at different 

temperatures. In A) the PNBA coating is shown prior to swelling (black), after swelling in 23°C water 

(blue) and in 50°C water (red). The PNBA hydrogel can be switched between a structured state with 

two distinct swelling ratio areas at 23 °C and a flat state were the whole PNBA coating collapses to 

one swelling ratio at 50 °C. In B) it is shown that this switching behaviour was stable over several 

temperature cycles. 

 

In the example in Figure 7.6 the second illumination step, with the lowest energy 

dose (2.5 Jcm-2), was used to create surface structures as high as possible. It was 

shown in Figure 7.3B the swelling ratio was dependent on the energy dose. By 

controlling the energy dose difference between areas the height of the surface 

structures can be varied. In Figure 7.7 the swelling ratio difference between the two 

areas is shown as a function of the energy dose difference. As expected the height of 

the surface structure decreases when the difference in energy dose decreases.  
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Figure 7.7: The swelling ratio difference is shown as a function of the energy dose difference of the 

separate areas.  

 

With this tunable property in mind, one can imagine that more complex patterns are 

possible then a simple line pattern as shown in Figure 7.5. To show this illumination 

process is not limited to a simple line pattern two examples of more complex surface 

structures are shown in Figure 7.8. The first example used a grayscale mask with a 

pitch of 50 µm and linearly varies over the length of the pitch from 100% 

transmission to 0% transmission. Due to the variation in transparency the energy 

dose will vary over the length of the mask pitch and as a result the swelling ratio will 

vary over the length of the mask pitch. Therefore a ratchet-like structure was 

expected upon swelling of the PNBA coating in water. In Figure 7.8A, it can be seen 

that a ratchet-like surface structure was indeed obtained and this surface structure 

can even be switched back to a flat surface by increasing the temperature above the 

LCST, see Figure 7.8B.  

 

The second example of a more complex surface structure was made by multiple 

subsequent UV mask illuminations steps. This results in four areas that have a 

different energy dose namely: 2.5, 5, 7.5 and 10 J cm-2 the areas are noted as 1, 2, 3 

and 4, respectively.  
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Figure 7.8: A) A ratchet-like surface structure was obtained through illumination with a grayscale 

mask B) The ratchet-like surface structure disappears completely when the temperature was increased 

above the LCST. C) A square pattern was observed with four different heights, due to a three step 

illumination procedure. D) Again the pattern disappeared completely upon increasing the temperature 

above the LCST. 

 

In Figure 7.8C, it is shown that a square pattern in obtained when the coating is 

submerged in water and four different heights were observed (annotated with the 

numbers 1 to 4). In Figure 7.8D the sample was heated above the LCST and it shows 

that the height difference between the four areas disappears. Note that in both 

examples the axis are not proportional, i.e. aspect ratios of the features appear higher 

than in reality.  
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This again confirmed the results from the homogenously cross-linked hydrogel 

coatings: the swelling ratio above the LCST was independent of the energy dose. In 

both of the examples the surface structures can be switched ‘on’ and ‘off’ multiple 

times.  

 
The complex surface structures in hydrogel coatings shows the versatility of the 

photo-cross-linking method described here. More common techniques, like 

polymerization induced diffusion, are limited to one mask UV illumination step 

limiting the complexity of the surface structures in the hydrogel coating7,9,12. This 

tunability combined with the ease of application of the photo-cross-linkable polymer 

makes it a very versatile method for making surface structures in hydrogel coatings.  

 

The switchable surface structured hydrogel coatings are interesting from an 

antifouling point of view as it combines several antifouling strategies. It was shown 

that surface topographies and hydrogels show reduced settlement for several marine 

organisms22,41. On top of these two strategies the hydrogel coating is also able to 

switch to a flat state upon an increase in temperature. This dynamic response of the 

coating can increase the fouling release properties the coating and would be an 

interesting future study. 

 
7.4 Conclusions 
A novel method for preparation of switchable surface structures in hydrogel coatings 

was described. The creation of the surface structures relies on the non-uniform 

swelling in temperature responsive PNIPAm hydrogel coatings. The system is based 

on selective photo-cross-linking between polymer chains. The advantage of using a 

polymer is that the application of the coating can be done at ambient conditions by 

an industrial coating techniques, such as slit die coating. This gives the freedom of 

coating on a single substrate without the need for glass moulds or other methods to 

contain monomers. The polymer was made from NIPAm, a photo-cross-linker: 

benzophenone acrylamide (BPAm) and acrylic acid (AAc).  
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It was shown that the PNBA terpolymer can be cross-linked by UV illumination. 

The amount of cross-links was controlled with the energy dose of the UV 

illumination. This in turn resulted in a control over the swelling ratio as the 

conversion of BPAm is directly related to the amount of cross-linking in the polymer 

network. Simple and complex surface structures were created using, respectively, 

single or multiple UV illumination steps through masks resulting in surface 

structures on the hydrogel coatings and it was shown that the hydrogel coatings can 

be reversibly switched from a structured state to a flat state with temperature. 
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8.1 Introduction 
In the previous chapters, antifouling coatings have been fabricated with an emphasis 

on controlling their chemistry, topography and scalability. However, these 

parameters could be further improved to enhance the antifouling properties of the 

polymer coatings. This chapter will briefly describe methods to further improve the 

performance of the coatings, and challenges to improving the surface structures and 

chemistry will be presented. In addition, methods for scaling up the coatings from 

laboratory sample size to large scale, and the introduction of dynamic antifouling 

coatings will also be discussed.  

 

8.2 Surface structures 
In this thesis a versatile photo-embossing fabrication method was developed for the 

surface structuring of fluorinated polymer coatings. The shape and size of the surface 

structures could be controlled by tuning energy dose, intensity, added photoinitiator, 

mask design and solvent/oil content as was shown in Chapter 2 and 3. 15 µm 

hexagonal pillars were made in the fluorinated polymer coating by photo-embossing, 

and these structured coatings were tested for its antifouling properties against several 

organisms in Chapter 4. It was shown that the hexagonal pillars were not on the 

correct length scale to decrease diatom settlement, as diatoms could settle in between 

the hexagonal pillars obtaining effectively shelter, and had little to no effect on 

barnacle settlement, as barnacle cyprids were likely to large for the hexagonal pillars. 

 

However, as was highlighted in Chapter 1, there are many different marine fouling 

organisms with a wide variety of length scales. A limited number of studies have 

designed hierarchical surface topographies to deter a broad spectrum of marine 

fouling organisms and they show promising results for non-species-specific 

antifouling and fouling release potential1–4. 
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Therefore, it is recommended that hierarchical surface topographies be integrated in 

the fluorinated coatings. This can be accomplished by photo-embossing when 

additional UV illumination steps are implemented.  Another option for the creation 

of hierarchical surface structures is the combination of a mould and a photomask. 

For example, with the mould larger surface structures (>50 µm) are replicated and 

by photo-embossing smaller surface structures (<20 µm) are superimposed on the 

larger structures creating a hierarchical topography. 

 

 8.3 Surface chemistry 
In this thesis two opposing surface chemistries were investigated: hydrophobic 

fluoropolymers and the hydrophilic hydrogels. Both surface chemistries have their 

specific antifouling properties; hydrophobic surfaces resist polar and 

hydrogen-bonding interactions from, for example, bioadhesives from fouling 

organisms, and hydrophilic surfaces have well-known protein repellent properties.   

 

As discussed in Chapter 1, designing an antifouling coating that is strictly 

hydrophobic or hydrophilic will most likely not have antifouling properties for a 

broad spectrum of marine fouling organisms. For example, it was shown in 

Chapter 4 that diatoms adhere quite strongly to the hydrophobic fluorinated 

coatings, even when a perfluorinated oil is added to the coating. A solution for this 

can be to create a coating that is both hydrophobic and hydrophilic: an amphiphilic 

coating. Multiple studies have shown effective designs of amphiphilic coatings in 

laboratory conditions5–7. The fact that high-end commercial coatings, such as 

Intersleek 900 and 1100, already incorporate amphiphilic materials shows the 

effectiveness of these types of surfaces8.  
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It is recommended to combine both of the surface chemistries that were investigated 

in this thesis into one amphiphilic coating. For example, the combination of a 

poly(N-isopropylacrylamide) (PNIPAm) block with an perfluoropolyether (PFPE) 

block. This will result in the phase separation in a hydrophilic area of PNIPAm and 

a hydrophobic area for the PFPE.  

 

Upon immersion in water the PNIPAm will swell causing the PNIPAm blocks to 

increase in height creating a hydrophilic topography. Due to the thermo-responsive 

properties of the PNIPAm, this can be reversed by increasing the temperature above 

the lower critical solution temperature. This gives the amphiphilic coating an 

additional dynamic effect which can be beneficial for the antifouling performance. 

 

8.4 Stimuli-responsive surfaces 
In Chapter 1 it was discussed that stimuli-responsive coatings with active 

deformation or motion can be very interesting as antifouling coating, however, very 

limited studies have been done on these types of antifouling coatings9–13. These show 

promising capabilities of  fouling release upon deformation of the coating surface; 

however, these coatings respond to, for example, changes in electrical potential10. 

This brings challenges in fabrication and application of the coating on, for example, 

boats and ships.  

 

A simpler approach, in terms of application, would be the autonomous responsivity 

to external triggers such as, temperature or light. In Chapter 7, a method was shown 

to create a switchable, surface structured hydrogel. The hydrogel can be created with 

different topographies that would disappear upon an increase in temperature. It is 

recommended the switchable surface structured hydrogel be tested for its antifouling 

properties.  
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Other recommendations include the improvement of the mechanical properties of 

the hydrogel, as it is a very soft material, and the decrease of the transition 

temperature which is now approximately 30 °C, as described in Chapter 7, and 

seawater is generally colder (10-20 °C). Finally, it would be interesting to investigate 

the incorporation of such a responsive hydrophilic polymer in an amphiphilic coating 

as described above in Section 8.2 Surface chemistry. 

 

8.5 Upscaling 
Most of the studies discussed, be it for specific surface chemistry, topography or 

stimuli-responsive properties have been done only a laboratory scale. These novel 

coatings must be up scaled to test antifouling properties and durability in real world 

applications. It was shown in Chapter 6 that the fluorinated monomers used in this 

thesis are compatible with the large scale fabrication technique of Fraunhofer IFAM. 

This technique could be used to industrialize the manufacturing of the surface 

structured coatings discussed in this thesis to make them applicable in real world 

boat and ship applications.  

 

8.6 Conclusion  
It is clear that the antifouling challenge is a multidisciplinary problem. Scientists 

from chemistry, physics, (marine) biology and similar fields will have to work 

together to come up with a synergistic solution for marine biofouling. This thesis 

described the development of a variety of novel approaches to prepare antifouling 

coatings. Most of these coating are still in the research and development phase, and 

limited in their sample sizes. The advantages of a coating with tunable and 

controllable chemistry and topography is not only limited to antifouling coatings: 

such coatings could also be very useful for biomedical devices, sensors to monitor 

water quality, and a host of other applications. 
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List of symbols and abbreviations 
A   UV absorption at wavelength (λ) 

ε   extinction coefficient 

c    concentration 

φPFDA   volume fraction of PFDA 

Cf   friction coefficient 

Cf_Re   friction coefficient dependent on the shear Reynolds number 

Cf_s   friction coefficient dependent on s+ 

d   cylinder gap 

τw   wall shear stress 

ρ   density of the fluid 

λ    wavelength 

l   path length 

υ   kinematic viscosity 

n   number of replicates 

Res   shear Reynolds number 

s+   spacing parameter 

s   spacing between the riblets 

T   transmission 

Tg   glass transition temperature 

uτ   characteristic velocity for the riblets 

Ush   velocity difference between two cylinders  

AAc acrylic acid 

AIBN azobisisobutyronitrile 

AFM   atomic force microscopy 

ASW   artificial seawater 

BDPP   2-(2H-benzotriazol-2-yl)-4,6-ditertpentylphenol 

BPAm benzophenone acryl amide 

CRS   critical removal stress 

CST   critical surface tension 

DC   drag change 
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DCM   dichloromethane 

F0-40 flat fluorinated coating with 0 to 40 vol% of PPFP-18  

HMPP   2-hydroxy-2-methylpropiophenone 

HOB   2-hydroxy-4-n-octoxy benzophenone 

(IS) 1100SR  Intersleek 1100SR a commercial fouling release coating 

(IS) 757   Intersleek 757 a commercial antifouling coating 

LCST lower critical solution temperature 

Mixture 1  mixture of PFDA and P-9 

Mixture 2   mixture of PFDA and P-20 

NIPAm N-isopropyl acryl amide 

P-9   perfluoropolyether dimethacrylate (mw = 1900 g mol-1) 

P-20   perfluoropolyether dimethacrylate (mw = 4200 g mol-1) 

PDMS   polydimethylsiloxane 

PFDA   1H,1H,2H,2H-perfluorodecyl acrylate 

PFDA-PFPEDMA-50  mixture with 50 vol% of PFDA and 50 vol% of PFPE-DMA 

PFTA   perfluorotripentylamine 

PFPE-DMA  perfluoropolyether dimethacrylate 

PGMEA   propylene glycol monomethyl ether acetate 

PMMA   poly(methyl methacrylate) 

PNBA poly(NIPAM-co-BPAm-co-AAc) 

P(NIPAm) poly(N-isopropyl acryl amide) 

PPFP-18   poly(perfluoroproylene oxide) (mw = 1800 g mol-1) 

PPFP-32   poly(perfluoroproylene oxide) (mw = 3200 g mol-1) 

RAFT   reversible addition-fragmentation chain-transfer 

S0-40 structured fluorinated coating with 0 to 40 vol% of PPFP-18  

SD   standard deviation 

SE    standard error 

SEM   scanning electron microscopy 

SLIPs   slippery liquid infused surfaces 

TBT    terbutyl tin 

UV    ultraviolet 

UVA   ultraviolet light with a wavelength of 320 to 390 nm 
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