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Abstract 

  Biofouling is the unwanted colonisation of organisms on a living or artificial surface. 

Convergent evolution has led to the development of antifouling textures on many marine species. 

This thesis provides novel investigation into creating biomimetic antifouling surface directly onto 

marine grade stainless steel using laser micro machining. The investigation was split into three 

main research questions: (1) can laser surface texturing be used to create antifouling surfaces, 

and their effects on surface parameters (roughness / contact angle); (2) can biomimetic 

antifouling surfaces be created using laser surface texturing?; (3) can features of those successful 

surfaces be combined to create enhanced biomimetic antifouling surface?. All three experiments 

had similar methods, as laser processing was used to transfer the selected biomimetic micro-

topography patterns onto marine grade stainless steel (316L). Samples were deployed in the field 

(Liverpool South Docks, UK) for 7 days. Abundance of biofilm was assessed using random 

systematic sampling. For the biomimetic surfaces, a fringe projection microscope (GFM) was used 

to investigate 3D scans of the surface topography of shells of bivalve and crab species, to provide 

bio-inspiration for the design of the surfaces created in this research. It was found that the micro-

topography pattern limits the attachment of the biofilm to the surface. This thesis shows that (1) 

laser surface texturing can be used to create antifouling surfaces; (2) biomimetic antifouling 

surfaces can be created and enhance antifouling efficacy, and (3) that combining biomimetic 

features into multi-scale and multi-feature patterns have enhanced antifouling effects. This 

reinforces that biomimetic surfaces have the potential to be a non-toxic, eco-friendly antifouling 

technology that work directly on marine metal structures without the need for further coatings or 

chemicals.  
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Chapter 1 Literature Review 

1.1 Introduction to Biofouling  

  Biofouling is described by Wahl (1989) as a colonization process of a solid surface 

that is either living or dead. The classical view of biofouling of surfaces follows a basic 

sequence that was described 3 phases (Figure 1.1), which are (1) biochemical conditioning, 

(2) biofilm development and (3) multicellular colonisation (Figure 1.1) (Wahl, 1989).   

 

Figure 1.1 Biofouling process where (1) biochemical conditioning of the surface takes place within seconds to 

minutes, then (2) the biofilm layer develops within minutes to days where bacteria, diatoms, ascidians and other 

algal spores are attaching to the surface, which leads to (3) a complex climax fouling community made up of 

multicellular macrofoulers. The nature of the process switches from physical to biological (modified from (Wahl, 

1989; Kirschner and Brennan, 2012). 

  Biofouling is a process in which both settlement and recruitment occur. Settlement 

is the initial contact between a new individual that comes into contact with a substratum 

(Hadfield, 1986; Caley et al., 1996). However, recruitment often measured once individuals 

have metamorphosed, or have grown in size, or the time of reproduction (Hadfield, 1986). 
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1.1.1 Biochemical Phase   

  The first stage of fouling is governed by physical processes and these occur 

instantly on immersion of the inert substratum (Wahl, 1989). During the biochemical 

conditioning stage electrostatic interactions and Van der Waal’s forces promote the 

adsorption of dissolved chemical compounds (mostly macromolecules such as carbon 

residuals and organic materials), which are freely available from the surrounding water 

column (Chambers et al,2006). 

1.1.2  Biofilm Phase 

  Primary succession occurs on hard substrata that is introduced into the marine 

environment, that has never been previously colonised. The primary colonizers within the 

marine environment are bacteria and diatoms. Diatoms are unicellular algae that possess a 

cell wall composed of silicon dioxide (SiO2)  and are living in nearly every body of water 

(Round et al,. 1990). Therefore, this results in a biofilm in which diatoms and bacteria are 

the dominant microorganisms. Colonisation can occur within 24 hours to a week, with full 

biofilm growth occurring within 2 weeks to one month (Figure 1.2; Chambers et al, 2006). 

 

Figure 1.2 Biofilm development between initial submersion to one week time scale (modified from Chambers et 

al, (2006).  
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 Diatom and bacteria are commonly found in all water bodies and are suspended in 

the water column. They move through the water column in various ways, one of these 

ways is Brownian motion. Brownian motion is random motion of lots of suspended 

particles in a fluid bumping into each other and changing course (Chambers et al., 2006). 

Diatoms and bacteria also move via sedimentation which is rising and falling movements 

within the water due to heating and cooling (Chambers et al., 2006). Currents and 

turbulence within the water column are also responsible for passively connecting diatoms 

and bacteria within the water column to substratum (Wahl, 1989). Biofilm species such as 

algal spores of Ulva sp. are able to actively seek out substratum and travel towards them 

using propulsion from flagella. Ulva sp. changes from a random swimming pattern to a 

searching pattern when in close contact with the substratum as a means of exploration 

(Callow et al., 2002).   

  Once bacteria and diatoms are at the substratum they can attach and settle onto it 

by secreting extracellular polymeric substances (EPS). It was originally assumed that 

diatoms could not attach without the presence of bacteria (Marszalek, Gerchakov and 

Udey, 1979), however, it has since been proved that diatoms can attach to a clean surface 

in a laboratory setting (Cooksey, 1981) although in a natural environment diatoms and 

bacteria will attach simultaneously. Extracellular polymeric substances are secreted from 

both diatoms and bacteria and they are defined as biosynthetic polymers that participate in 

the formation of microbial aggregates (Geesey, 1982). Acidic polysaccharides are the main 

components of the EPS (Chambers et al., 2006), it also contains lipopolysaccharides, 

proteins and nucleic acids (Flemming et al., 2000).   

 The way in which diatoms settle is dependent on which group of diatoms they 

belong. There are two major groups of diatoms that are divided by their symmetry; 

pennate and centric diatoms. Pennate diatoms have bilateral symmetry and are often 
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benthic, whereas centric diatoms are mainly planktonic and radially symmetrical 

(Wetherbee et al., 1998). Another main difference in distinguishing diatoms is the presence 

or absence of a raphe. Pennate diatoms generally have a raphe, which is an elongate slit in 

one of the frustules (Wetherbee et al., 1998). In pennate diatoms, the raphe is responsible 

in secreting the EPS for diatom settlement. Strands of EPS from the raphe act as a glue to 

attach the diatom to the substrata, however the EPS are also important in mobility of 

raphid diatoms (Rosowski, 1980; Cooksey, 1981; Edgar, 1983; Edgar and Pickett-Heaps, 

1983; Edgar and Zavortink, 1983; Edgar and Pickett‐Heaps, 1984. It has been proposed that 

the release of actin/myosin strands from the raphe within the EPS act as a motor which 

generates the gliding movement (Edgar and Zavortink, 1983; Edgar and Pickett‐Heaps, 

1984). An alternative in EPS involvement in diatom mobility has been suggested, in that 

when the EPS hydrated with sea water upon secretion, a force is generated that pushes the 

diatom forward (Gordon, 1987). Overall, EPS was not only crucial to attachment of diatoms, 

but it also enable motility across the substrata. 

   Settlement and mobility mechanisms of araphid and centric diatoms differ to 

pennate due to the lack of raphe. Some studies have investigated the alternative view that 

specific sites in the cell frustule secrete mucilage on adhesion to the substrata, and it is this 

that hydrates and swells to thrust the cell forwards (Pickett‐Heaps, Hill and Blaze, 1991; 

Hoagland et al., 1993). Although centric diatoms are mainly planktonic, there have been 

several reports of motility across surfaces within the literature (Medlin, Crawford and 

Andersen, 1986; Pickett‐Heaps, Hill and Wetherbee, 1986). Although centric diatoms do 

not have a raphe, they have been found to be able to secrete mucilaginous material from 

two deep grooves located at each end of the frustule which enables multi-directional 

movement of the cell (Pickett‐Heaps, Hill and Blaze, 1991). 
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 Diatoms settle passively and are subsequently motile, actively choosing preferred 

settlement sites (Scardino et al., 2006). Once attached and secreting EPS, bacteria and 

diatoms can multiply to colonise a substratum and form a functioning biofilm. Diatoms 

glide across the surface using an actin-myosin motility system (Poulsen et al., 1999) and 

using EPS as lubricant. It has been found that diatom motility is variable and velocity of 

movement varied significantly at different times of day (Poulsen et al., 1999). Once in a 

preferred space they settle and start to divide (Figure 1.3). 

 

 

 

 

 

Figure 1.3 The ‘mother cell’ model for diatom reproduction where (a) the cell settles on surface and secretes a 

permanent adhesive, (b) the cell undergoes division and (c) the mother cell remains attached while the daughter 

cell is free to glide away.  

  In many studies, biofilm is not identified down to species level, the biofilm is 

referred to as bacteria and diatoms rather than individual species (Efimenko et al., 2009). 

However, diatoms are easily identifiable using light microscopy due to their silica shells. 

Diatoms have a wide range in dimensions and adhesion strategies, both of which will be 

affecting the way settlement occurs on the micro-textured surface, and therefore should 

not be grouped together, as different species settle in different ways. There are three main 

adhesion strategies found in benthic diatom communities (Round et al., 1990; Majewska et 

al., 2013a; Majewska et al., 2013b; Sullivan and Regan, 2017): 1) erect attachment, where 

diatoms attach to the surface using mucilage stalks, pads or peduncles (Figure 1.4a); 2) 

motile attachment, where diatoms with valve face adherent to the substratum secrete EPS 

(a) 

(b) 

(c) 
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to attach and move within the horizontal boundaries of a surface (Figure 1.4b); 3) adnate 

attachment, where diatoms can attach and grow together in clusters or chains and settle 

both horizontally and vertically on the surface (Figure 1.4c).  

  Understanding which diatoms are present on the surface, and their dimensions and 

adhesion strategies enables a deeper understanding of the interactions at the interface of 

the surface; therefore an understanding of diatom species assemblages may help 

understand how the biofilm grow and change. 

 

  Biofilms are an important diverse community within the marine environment. The 

early species compositions depend on the presence of the colonising species, and the 

physical and chemical conditions of the surface and surrounding environmental factors 

(Dobretsov, 2010). Changes in the abiotic (e.g. season, depth) and biotic (e.g. predation, 

grazing) environmental conditions effects the species composition within a biofilm (Qian et 

al., 2007) as adhered organisms can attract or repel the co-adhesion of other micro-

organisms (Marshall et al., 1971; Vandevivere and Kirchman, 1993). 

(a) Erect attachment (b) Motile attachment   (c) Adnate attachment 

Figure 1.4 Three different attachment types of diatoms to a surface where (a) is erect attachment (b) motile 

attachment and (c) adnate attachment.  
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  Changes in abiotic and biotic environmental factors may also lead to changes 

within the biofilm density, productivity and architecture of biofilms (Qian et al., 2007). As 

biofilms mature they develop a three dimensional structure (O'Toole et al., 2000). The 

shape of this structure is highly dependent on the species function and diversity, physical 

factors (hydrodynamic forces, flow rate), chemical factors (EPS production, nutrient 

availability) and biological factors (competition, predation). However, the general structure 

of a biofilm is mushroom like colonies with voids between them to allow water to flow 

(Costerton et al., 1995). Streamers, which are elongated strands of the micro-colonies, are 

produced in mature biofilms which detach from the biofilm and spread to colonise other 

areas. Detachment can also occur due to erosion or corrosion of substrata (Videla and 

Characklis, 1992).  

  Biofilm mass, growth and structure are under content dynamic change as they are 

affected by disturbance. Disturbance is defined as any discrete event in time or space that 

changes the structure of populations, communities or ecosystems, and changes the 

resources available or the physical environment (Pickett and White, 2013). The first 

pioneering studies on disturbance of fouling have shown that disturbances such as wave 

action pushing logs into the intertidal shore line have provided new space in which new 

colonisation can begin (Dayton, 1971). Disturbance can be small or large scale, and is the 

result of physical action such as earthquakes, storms, extreme wave action, ice scouring or 

land slides, or biological as a results of grazing and predation. Large physical disturbances 

are rarer, although when they do occur they have a larger influence on biofouling than 

smaller disturbances (McCook and Chapman, 1997; Turner et al., 1998; Underwood, 1998). 

Smaller disturbances are more common within a marine fouling community, and when they 

occur they may only remove part of the community (Platt and Connell, 2003), creating a 

patch work like effect. Once a small patch has been removed due to a disturbance, there is 

free space to be colonised. It has been found that disturbance regimes reduced the average 
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total cover of the biofilm assemblage (Atalah et al., 2007). If the whole fouling community 

is removed, there is the chance of completely new species colonising the free space 

(Airoldi, 1998). However, if only part of the community has been removed, in instances like 

abrasion, the free space was quickly utilised by the surrounding species.  

  Examples of disturbances that affect marine biofilm are: (1) increased nutrient run 

off from fertilizer used on land which decreased density and connectivity within biofilms 

(Lawes et al., 2016),  , and (2) increased acidification of the ocean which has changed the 

biofilm community composition, although the biofilm was able to undergo rapid change to 

adapt to new biotic conditions to maintain functions such as oxygen production (Witt et al., 

2011) (3) graziers which can composition of the biofilm community (Sabater et al., 2002). 

Disturbance events are critical to increasing the diversity of species within a fouling 

community (Hastings, 1980).  

 Diatom species are specific to the habitats in which they grow (Smol and Stoermer, 

2010). Seasonal changes such as light, depth and climate also have an effect on variation of 

species as some species are present all year round but some are only present in particular 

seasons (Forrest and Atalah, 2017). Some diatom species bloom in winter months (Kiss and 

Genkal, 1993) whereas others bloom in spring / summer. 

1.1.3 Macrofoulers Phase   

 The final phase of biofouling happens when macrofoulers colonise the surface and 

species such as mussels, barnacles, seaweed, or tube worms become dominant. This occurs 

between days to months on a surface.  

As described in the opening paragraph, the classical view of fouling is that it is 

linear, and follows a pattern of a conditioning layer forming within seconds, then a biofilm 

within a couple of hours to days, and then within days to weeks larger fouling organisms 

(Wahl, 1989). However, in reality this classical view may be an over simplification. In this 
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classical view, the community progresses from a low diversity pioneer stage (biofilm), to a 

high diversity intermediate stage, to a to a low diversity climax stage (macro-fouling). 

However, it is rare in nature that a low diversity macro-fouling climax community is 

reached, as disturbance events such as storms cause a fragmented habitat, and some 

patches of the community are reverted to earlier levels of succession (Menge & Sutherland, 

1987). Biological disturbance events can also occur such as predation, which can also lead 

to this patchy fragmented habitat, therefore, fouling can have an impact on these 

predator-prey relationships, and plays a role in the community development (Menge & 

Sutherland, 1987). It has been previously found that epibionts have the potential to 

dramatically increase or decrease the mortality of their hosts (Wahl et al.,1997). It was 

found that barnacle Balanus enhanced predation on mussels Mytilus, this scenario is 

known as shared doom (Wahl et al., 1997). Whereas, the hydrozoan Laomedea reduced 

predation on mussels Mytilus, this scenario is known associational resistance (Wahl et al., 

1997). Therefore, fouling can influence the predator- prey dynamics within a community at 

the macro-fouling level.  

  The presence and activity of marine biofilm is known to influence higher order 

processes such as invertebrate settlement (Qian et al., 2007).  However, it has been well 

established over many studies that barnacle Balanus amphitrite settles without biofilm 

present, and in fact biofilms show an inhibiting effect on barnacle settlement (Olivier et al., 

2000, Maki et al., 1990, Neal and Yule, 1994, Keough and Raimondi, 1995). Algal species, 

Ulva, have motile spores which are able to settle on a clean surface within minutes (Callow 

et al., 1997). 

The presence of a biofilm has also been known to effect the predator / prey 

relationship other fouling organisms (Flemming et al., 2007). Another study has shown that 

the age of the biofilm increased the inhibiting effect on predator / prey relationships 

(Faimali et al., 2004). However, this effect is mainly for barnacles, as other fouling species 
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have shown that they need a biofilm present to be able to settle. A study on the tube 

worm, Hydroides elegans, found that a minimum density of bacteria is required before 

settlement, and that settlement does not occur in the absence of biofilm (Huggett et al., 

2009). Studies on different species of mussels have shown that biofilm promotes 

settlement of Mytilus galloprovincialis (Bao et al., 2007), Mytilus edulis (Toupoint et al., 

2012) and Mytilus coruscus (Wang et al., 2012) showing the trend that mussels prefer the 

presence of a biofilm for settlement. It has also been found that the presence of biofilm 

promotes settlement in oysters (Campbell et al., 2011). Therefore, there is evidence that 

biofilms promote the settlement of fouling species, and if the biofilm density is limited, or 

absent, the settlement of macrofoulers may not occur.  

1.2 Problems caused by biofouling 

1.2.1 Problems caused by Biofilm  

  Biofilms are known to increase corrosion of surfaces by microbial induced corrosion 

(MIC). This occurs for two reasons, one as the EPS secreted by micro-organisms present in 

the biofilm have the capacity to bind to metal ions (Kinzler et al., 2003; Rohwerder et al., 

2003; Sand, 2003). The interaction occurs between the metal ions and the negatively 

charged (anionic) functional groups that are common on the carbohydrate and protein 

molecules within the EPS (Beech and Sunner, 2004). The interaction that occurs is a redox 

reaction which causes increased corrosion and visible rust on the surface (Beech and 

Sunner, 2004).  

 Another sources of increased corrosion within the biofilm layer is the presence of 

anaerobic niches. It is generally accepted that anaerobic niches can occur within biofilms 

developed in oxygenated systems. Within these anaerobic niches sulphate reducing 

bacteria (SRB) thrive. Electrons are transported from the metallic surface through the 

bacterial sulphate reduction pathway through the use of hydrogenase enzymes (De 
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Romero et al., 2002; Beech, 2003; De Romero et al., 2003). It is this reduction that leads to 

the increase in corrosion under anaerobic conditions (Beech and Sunner, 2004). 

 Biofilms within water cooling systems allow bacteria to grow and thrive as 

temperatures are raised to between 25° and 35°, therefore, proliferation occurs rapidly (Di 

Pippo et al., 2018). Under these conditions, it is not just MIC that can be an issue, it is also 

the effect the bacteria can have on humans that can be a problem. Water cooling systems 

are known to  pose health problems associated with the presence of pathogens like 

Legionella pneumophila so much so that the World Health Organisation (WHO) have issued 

guidelines on  preventing and controlling the risk of Legionella proliferation in cooling 

towers (Mouchtouri et al., 2010). 

 Biofilms have been found increase risk of human infection in drinking water 

systems (Bachmann and Edyvean, 2005; Fish, Osborn and Boxall, 2017). This problem also 

exists in dental chairs units, as water systems are used in dental practises and it has been 

found that water is often contaminated with high densities of micro‐organisms including 

Legionella and Pseudomonas species which can cause pneumonia within humans (Coleman 

et al, 2009).  

1.2.2 Problems caused by macrofouling  

 Macrofouling species attach to the substrata after the biofilm has formed. 

Macrofouling species are larger, and often hard shelled organisms and therefore can cause 

more damage through biofouling than the biofilm alone (Table 1.1). 
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Table 1.1 Biofouling problems caused by macrofouling organisms 

 

 

 

 

 

 

 

  

 

 

 

 Macrofouling organisms such as mussels, barnacles, tubeworms and ascidians 

cause various problems for industry, shown in Table 1.1. The most common problems are 

blockages of pipelines in water cooling systems and therefore reduction of water flows 

leading to overheating. One of the main problems that effects all of these industries, and is 

and the interest to national conservation efforts is the invasion of non-native species. An 

example an invasive species being introduced to UK waters is the invasion of the 

freshwater Zebra Mussel Dreissena polymorpha to UK (Aldridge et al, 2004). It was first 

recorded in Britain in Surrey Docks (London) and at Cambridgeshire in 1824, and within 10 

years, they had spread to Scotland (Coughlan., 1998). Studies have repeatedly shown that 

Industry Problem(s) References 

Aquaculture  Biofouling of infrastructure 

 Fouling of stock species causing 
damage and reducing sale price. 

 Reduction in food supply to 
farmed species therefore 
slower growth of farmed 
species 

 Introduction of diseases/ toxins 
/ parasites 

 Reduced water flow and oxygen 
influx leading to death or 
reduced growth in finfish 

(De Nys and 
Guenther, 2009) 
Hidu et al, 1981 
Lodeiros and 
Garcia, 2004  
 Atalah et al., 
2016, Forrest 
and Atalah, 
2017; Dürr and 
Watson, 2010) 

Water and 
Power 

 Blockages of pipelines in cooling 
systems  

 Corrosion causing weakening 
and breakage leading to leaks 
 
 

(Venugopalan, 
2018) 
(Feeley et al., 
2005) 

Shipping  Increasing drag on ships hull 

 More fuel usage 

 More C02 outputs from fuel 

 Introduction of invasive species 

 Motor damage 

(Schultz, 2007; 
Schultz et al., 
2011) 
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once the zebra mussel is present in a water body, the native mussel species populations 

decrease and become vulnerable to extinction (Aldridge, 1998; McIvor, 1999). Biofouling is 

responsible for the invasion of the zebra mussel as increased shipping trade resulting from 

the nineteenth century Industrial Revolution facilitated the spread of the zebra mussel 

(Morton, 1993) from Baltic region to England.  This spread of the zebra mussel was further 

increased by Zebra mussels arrived in Ireland, probably in 1994 or earlier, attached to the 

hulls of used pleasure craft imported from either England or the Netherlands (Minchin and 

Moriarty 1998; 1999). 

1.2.3 Costs of biofouling  

 

 Within industry, the problems biofouling causes often equates to a loss of money. 

In aquaculture it is estimated € 120000 to replace nets and it is estimated that mussel 

farmers in Scotland spend € 450000-750000 a year on biofouling related costs (Willemsen, 

2005). Conservative estimates of the costs of biofouling are equivalent to 5-10% of the 

industry value (Lane and Willemsen, 2004). For salmon farming in Norway, the cost of 

fouling has been estimated at between €0.02 and €0.09 Kg-1 of salmon produced (Dürr and 

Watson, 2010).  

  In water and power industries, the blockages of pipelines by zebra mussels is 

estimated to cost industry in the United States US$5billion each year (Khalanski, 1997). The 

cost of fouling on naval ships is primarily driven by hull fouling, increasing costs due to 

increased fuel consumption due to increased friction drag (Schultz et al., 2011). The overall 

cost associated with hull fouling for the American Navy’s fleet is estimated to be $56M per 

year or $1B over 15 years (Schultz et al., 2011). 
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1.3 Previously used antifouling (AF) techniques 

The problems associated with biofouling have been affecting shipping throughout 

history, therefore there has always been a demand for antifouling (AF) technologies. The 

earliest record of the use of antifouling technology comes from the ancient Phoenicians 

and Carthagininans who used lead and copper sheets to cover the ship’s hull (Yebra et al, , 

2004; Howel and Behrends, 2010).   

1.3.1 Tributyltin 

Since this time, AF technologies have developed and AF coating become the 

standard way to protect ships hulls from biofouling. Self-polishing copolymer coatings 

containing Tributyltin (TBT) were most popular as they had self-polishing properties as well 

as AF properties which help improve the hydrodynamics and increased the length of 

service (Howel and Behends, 2010). However, TBT had negative effects on the marine 

environment. Tributyltin leached from the hull of ships into the water column and 

disrupted the endocrine functions of marine organisms such as causing masculinisation and 

irreversible sperm damage in zebrafish (Danio rerio ; McAllister and Kime, 2003) and cause 

imposex in gastropod species such as Nucella lapillus (Oehlmann et al, 1998), Hexaplex 

trunculus (Terlizzi et al, 1999) and Thais clavigera (Blackmore, 2000). Tributyltin has also 

been found to affect molluscs, crustaceans and ascidians (Rees et al. 2001; Smith et al. 

2008). Other research has shown that TBT directly impairs mitochondrial function 

(Nishikimi et al, 2001) which means it is not targeting marine biofouling species, but has the 

potential to affect all species within the marine environment. Overall, TBT had negative 

affects on the ocean and since its ban studies have shown that effected populations have 

started to improve (Smith et al., 2008). 

Consequently, TBT was banned from small vessels in the UK in 1987 under the 

Food and Environment Protection Act 1985 (Great Britain-Parliament 1985), and by 1st 
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January 2008, The International Maritime Organization (IMO, 2002) announced a complete 

prohibition of TBT globally. Countries have followed recommendations and phased out TBT 

over a ten year period (Christen, 1999). New Zealand and Japan had already banned TBT 

use on most vessels before the recommendation was issued (Champ, 2000). Around the 

time of the ban, TBT based antifouling products made up more than 80% of the global 

antifouling market (Scott, 1999), therefore, this ban opened up the antifouling market to 

the potential of new antifouling technologies. 

1.3.2 Alternatives to Tributyltin 

Since the ban on TBT, copper based paints are used as the principle biocide 

(Voulvoulis et al, 2002, Trentin et al., 2001; Cima and Ballarin, 2012). These paints have less 

negative effects on the ocean than TBT (Hall and Anderson, 1999), however, copper-based 

compounds are limited as it seems to have good antifouling properties against 

macrofouling, but micro fouling is more resistant to the antifouling effects (Perez et al, 

2015). A study by Chen et al, (2013) found a high diversity of bacteria on copper based anti-

fouling paints, similar to the diversity found within the general biofilm. This reinforces that 

copper based paints have limited effects on the biofilm. To overcome this problem, booster 

biocides can be used to enhance the effect of the antifouling paint (Voulvoulis et al, 2002). 

Nine booster biocides have been registered under the European Union’s (EU) Biocidal 

Products Directive 98/8/EC (European Commission, 1998). and are able to be used in the 

UK as active ingredients in antifouling coatings (Voulvolis et al, 2002). However, there is 

concern that TBT could be substituted for a biocide that is equally or as damaging to 

marine environments (Voulvolis et al, 2002), as there is uncertainty over the safety of 3 of 

the 9 biocides as TCMS pryride, TCMTB and Dichlofluanid as they are similar to TBT for 

aquatic toxicity and could end up having similar detrimental effects on the marine 

environment. Studies on these booster biocides have shown that they can inhibit algae 

growth, (Okamura et al., 2003), have negative effects on ascidians (Gallo and Tosti, 2015) 
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corals (Owen et al., 2002) and macrophytes (Scarlett et al., 1997; Scarlett et al., 1999).  

Therefore, although the booster biocides are ‘healthier’ for the oceans than TBT, there is 

concern over the environmental impacts, especially long term as they have only been used 

for a couple of years and are already having negative effects.  

Another popular antifouling method on the market are foul release coatings. Foul 

release coatings are silicone elastomeric materials which produce a low surface energy 

“non- stick” effect  (Anderson et al., 2003). It is this low surface energy that gives the 

antifouling effect (Ekin and Webster, 2007; Sommer et al., 2010). Foul release coatings are 

popular as they can be applied by airless spray, and work well on macrofouling organisms 

such as barnacles (Aldred and Clare, 2008). Accumulated fouling is released from the 

surface through the action of hydrodynamic forces generated as a vessel moves through 

water (Buskens et al., 2013). Foul release coatings may not be appropriate for static 

conditions as it is claimed that vessels should be operating at or above 10 kts (1 kt = 1.85 

km per hour) to benefit from foul release coatings (Buskens et al., 2013).. It has also been 

found that foul release silicones have little effect on diatom settlement (Holland et al., 

2004), therefore a biofilm persists on foul release silicones. Although foul release coatings 

can be effective under hydrostatic forces, coatings are relatively soft and easily damaged.  

  Although antifouling paints are the most common method for the maritime 

industry, there are a range of other methods outlined in Table 1.2. 
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Table 1.2 Antifouling methods and their problems and benefits.  

Type How it works Problems Benefits Safe Reference 

Tributylin 
(TBT) 

Inhibits energy 
transfer in 
respiration 

-Affects none target 
organisms causing 
localised extinctions.  
 
  

Easily available 
and dominated 
the market 
(before ban) 

No Callow and 
Callow, 
2002 

Silicone foul 
release 
coating 

Minimising 
adhesion strength 
of organisms  

-Only works at high 
speeds, and has little 
effect on biofilm 
layer  

Effective on hard 
foulers such as 
barnacles 

Yes Callow and 
Callow, 
2002 

Natural 
Marine 
Product 
(NMP) 
antifoulants 

Extracted  
compounds and 
secondary 
metabolite 
production from 
marine bacteria,  
plants, sea weeds 
such as red algae 
Laurencia 
(Masuda et al., 
1997) 

-Organisms can 
overcome the effect 
- Bioaccumulation  
- often difficulties in 
obtaining 
enough pure 
compounds to use 
within a paint  
(Bobzin and 
Faulkner, 1992; 
Barbosa et al., 2007) 
 

-Lots of choice of 
compounds, more 
than 300 from one 
species  (Masuda 
et al., 1997) 
-compounds can 
be mixed to 
increase 
antifouling 
potential (Hellio et 
al., 2009)  
 
 
 
 

Yes Terlezzi, 
2000 
Steinberg 
et al, 1997 
Armstrong 
et al, 2000 
Flemming,  
(Hellio et 
al., 2009) 

Biological 
control  
 
 

Natural 
predators/ grazers 
of fouling 
organisms are 
introduced  

Limited to 
aquaculture where 
bio-fouling occurs in 
a confined space 

Positive results;  
biological control 
using sea urchins 
and hermit crabs 
has 
proved effective 
for controlling 
fouling of 
suspended 
shellfish systems 
(Hasse, 1974) 
and for fin fish 
systems by co-
culturing (Kuwa, 
1984). 
 
No harmful 
chemicals added 
to systems 

Yes Willemsen 
2005;  
(De Nys and 
Guenther, 
2009) 
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 Overall, past antifouling methods have had negative effects on the wider ocean 

ecosystem as chemicals have leached away from the surface, and into the water column. 

Today, regulations are stricter in regards to what chemicals can be used in the ocean, as 

protecting species diversity is of importance. Some alternative methods such as foul 

release show promising results for macrofoulers, however, biofilm is persistent and difficult 

to target. This section highlights that there is an increasing demand for a cheap, eco-

friendly, non-toxic antifouling solution. With the recent global ban of TBT opening up the 

antifouling market there is potential for new antifouling technologies to emerge and 

compete within this market.  

1.4 Evolutionary response to biofouling 

 

  Convergent evolution is the evolution of phenotypic similarities (e.g. micro-

textured surfaces) by unrelated species in response to environmental challenges (Stern, 

2013). One of the most common example of convergent evolution is the missile shaped 

body that has evolved across various unrelated species, over millions of years as a response 

to the functional constrains of locomotion in water (McGhee et al., 2011). The fusiform 

morphology is a direct response to limiting the drag when swimming in the dense medium 

of water (McGhee et al., 2011). This streamlined shape of bony fish and cartilage fish 

appeared in the Silurian, and then 230 million years later land dwelling reptiles 

rediscovered the same morphology on their evolutionary journey back to the sea. This 

shape appeared again when mammals returned to the sea 175 million years later. This 

results in today’s animals such as the great white shark, and the bottle nose dolphin having 

Micro-
topographical 
surfaces  

Limits cell 
settlement in 
biofilm 
development 
stage 

Early stages of 
development, more 
research needed 
 
 

Universal, 
No leaching into 
environment, no 
harmful 
chemicals,  

Yes Carman et 
al, 2006 
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a similar streamlined shape, although the evolution of both animals do not share a distant 

common ancestor, as one is a bony fish and one is a mammal. This example shows that 

convergent evolution brings about morphological traits in response to the environmental 

conditions. The development of micro-textures on the outermost surface of marine 

organisms that are not closely related, such as pilot whales and shore crabs, is an example 

of convergent evolution. Micro-textures have evolved as a response to environmental 

conditions. 

1.4.1 Negative effects of fouling on fitness of marine organisms  

  Biofouling occurs on living surfaces within marine and freshwater habitats, this is 

known as epibiosis (Wahl, 1989). The living organism that is being fouled is known as the 

basibiont and the organism that is doing the fouling is known as the epibiont (Wahl, 1989); 

for example, a sponge would be the epibiont as it attaches and lives on a periwinkle which 

is the basibiont (Table 1.3). A well-known example of epibiosis is barnacles attaching and 

living on a humpback whale Megaptera novaeangliae (Fertl, 2002).  They are fouled by the 

acorn barnacles, Coronula diadema and Coronula reginae, and these barnacles are in turn 

fouled by the stalked barnacles, Conchoderma auritum and Conchoderma virgatum (Clarke 

1966, Dawbin 1988, Fertl 2002). Although the barnacles are epibionts, and are attaching 

too and living on the whale, they are not parasitic, they do not feed on body fluids of the 

whale. However, they can cause problems by increasing drag and affecting hydrodynamics 

if they become abundant (Felix et al, 2006). Although small amounts of barnacles are 

unlikely to affect a humpback whale, there has been a reported case where a humpback 

whale had more than 1000 lb of barnacles attached to its body (Slijper, 1979). 

  Although biofouling seems trivial for a humpback whale, as the sheer size of their 

body mass means that biofouling does not have much effect on their general wellbeing and 

they are able to live as long even though they are fouled. This is not the case for smaller 
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marine organisms such as periwinkles and crabs. A study on periwinkle Littorina littorea 

found that fouled snails crawled at over 13 times slower than unfouled snails (Buschbaum 

and Reise, 1998). This slow crawling speed would affect their ability to flee from predators 

and forage for food in mussel beds as their agility is reduced. Both of these factors would 

lead to a higher risk of mortality. Mortality was studied in the same experiment and 

significantly more fouled periwinkles died than unfouled periwinkles; 43 fouled snails died, 

whereas only 15 unfouled snails died. They suggest that this is because a cold period 

caused stress on both fouled and unfouled tanks, but the unfouled snails are able to cope 

with a less than optimum environment better than unfouled snails (Buschbaum and Reise, 

1998).  

Fouling of living organisms can cause many problems (shown in Table 1.3) which 

can be detrimental to the basibiont organism and can result in reduced growth, higher 

predation, and eventually death. 
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Table 1.3 Examples of epibiosis in the marine environment and the problems that it causes 

Epibiont (Biofouling 
organism) 

Basibiont 
(organism being 
fouled) 

Problem fouling organism  
causes  

Reference 

Sponges / Barnacles 
Cliona sp. 
Polydora ciliate  

Periwinkle 
Littorina littorea 
 
 

Weakens shell making 
periwinkle prone to 
predation 
 
Increases drag making 
crawling speed slower, and 
therefore easier to be 
caught by predators.  

 Stefaniak et 
al, 2005 
 
Thieltges 
and 
Buschbaum, 
2007 
 
 

Bryozoans Sea weed 
Gelidium rex 

Reduces rates of 
photosynthesis which 
lowers growth rate and 
reproduction. 
 
 

Cancino et 
al, , 1987 
 

Mussels  Crab 
Limulus polyphemus 

Reduced aeration of gills Patil & Anil, 
2000 

Protozoa 
Colacium 
vesiculosum 

Zooplankton 
Daphina 

Increased risk of predation 
as fouling organism 
increases the visibility.  

Chiavelli et 
al, 1993 
 

Hardfoulers 
Barnacles 
platyhelminth 
worms, annelid 
worms  
mussles 

Sea Turtle  
 

Increase drag by disrupting 
the laminar flow  
 
Increase energy 
expenditure on long 
distance migrations causing 
exhaustion/ drowning 
 
Burrowing foulers can 
increase vulnerability to 
pathogens. 

Logan and 
Morreale, 
1994  
 
 
Alfaro, 2008 
Frick & 
Pfaller, 
2013; 

 

   The main problems with epibiosis that are seen throughout the literature is that 

drag is increased on the basibiont therefore, this makes movement harder and uses more 

energy. This in turn, increases the risk of predation, reduced growth, reduced food intake, 

reduced reproduction and eventually death for the basibiont. It has been found that there 

is a preference for settlement on areas of the shell where the periostracum (outermost 

layer) is abraded or absent (Kaehler, 1999).  The end result for the majority of heavily 
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fouled organisms is death of the host organism (the basibiont) (Che et al., 1996; Kaehler 

and McQuaid, 1999).  

   Biofilms containing micro-fouling species such as diatoms and bacteria are also 

prone to fouling other marine organisms. In fact, the vast majority of marine organisms are 

fouled with epibiotic biofilms, which may vary in species composition and density (Lachnit 

et al., 2009; Grossart, 2010). This may be because many soft bodies species do not have 

insulating coatings such as hair, fur and wax or mechanical features such as spines or shells, 

therefore no defence to biofilm fouling. These species are able to survive without insulating 

or mechanical coatings as the ocean is a benign environment for most species (Wahl et al., 

2012)(REF), and they may rely on escape, hiding or poor palatability as a defences from 

predators. However, they are threatened by biofouling, as this interface is often very 

delicate, and it acts as a major physiological interface between the organism and the 

environment as physiological functions such as respiration, exudation of wastes and the 

uptake of nutrients occur. Therefore, micro-fouling is a threat to this interface and can 

have negative consequences on the host species such as: increased weight and friction, 

impeded epidermal exchanges, loss of buoyancy, mobility issues (e.g., Prescott, 1990; 

Dougherty and Russell, 2005; Wahl, 2008b). 

   Usually the biofilm composition on the surface of marine organisms is composed of 

bacteria, diatoms, fungi, and protozoa (Bodammer and Sawyer, 1981; Höller et al., 2000; 

Burja and Hill, 2001; Hentschel et al., 2003; Webster and Taylor, 2012). The abundance 

level in which fouling occurs widely varies between species, as some species such as the 

decorator crabs are heavily fouled (Hultgren and Stachowicz, 2011), whereas other species 

such as didemnid tunicates are very lightly fouled (Wahl and Lafargue, 1990).  

  Although fouling can have many negative effects, as discussed in the Table 1.3, 

there are instances in the natural world in where fouling can be beneficial to the marine 

organisms being fouled. An example of this comes from the bryozoan larvae Bugula 
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neritina, which is specifically fouled by bacteria Candidatus Endobugula sertula. This 

symbiotic relationship is beneficial for both the bryozoan larvae and the bacteria, as the 

microenvironment of the larvae host supports growth of the bacteria (Woollacott, 1981; 

Haygood and Davidson, 1997) and in return, the bryostatin produced by the bacteria 

protects the larvae from predatory fishes (Thakur et al., 2004; Sharp et al., 2007;Sharp et 

al., 2007 in wahl 2012).  Some fouling species offer the host associational resistance, for 

example the hydrozoan Laomedea reduced predation on mussels Mytilus, and therefore 

fouling can offer protection for the host species.  

1.4.2 Convergent evolutionary response to fouling   

  As biofouling can lead to increased mortality rates within species, it has been a 

driving force of evolution, and individuals which had evolved antifouling defence 

mechanisms would thrive and survive within a population to reproduce, whereas 

individuals that do not have antifouling mechanisms would die. This driving force has led to 

the presence of natural antifouling mechanisms in species today. There are multiple 

antifouling defence mechanisms that have evolved such as: chemical defence mechanisms 

(Teo and Ryland, 1995), mucus release (Hellio et al., 2002), moulting (Russell and Veltkamp, 

1984; Becker and Wahl, 1996). One of the natural defence mechanisms is the production of 

micro-topography surfaces on the outermost surface. The production of micro-

topographies across a whole range of species is an example of convergent evolution as 

organisms that are not closely related (eg. Shore crabs and pilot whales), independently 

evolve similar traits as a result of having to adapt to being fouled. This type of protection 

has evolved independently across many species (Table 1.4). 
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Table 1.4 Micro-topographies patterns displayed in from a range of species  

Micro 
topography 
Type 

Image  Species Size 
(μm) 

Reference 

Nodules 

 

Rose petal 10 (Feng et al., 
2008) 

Nodules 

 

Rice leaf 10 (Guo and 
Liu, 2007) 

Nodules 

 

Lotus leaf 10 (Liu and 
Jiang, 2011) 

Pores 

 

Pilot whale 
Globicephala 
melas 

0.1-1.2 (Baum et 
al, , 2001) 

Pores 

 

Brittle Starfish 
Ophiura 
texturata 

10 (Bers & 
Wahl, 
2004) 

Pyramids  

 

Crab 
Cancer pagurus  

2-2.5 (Bers & 
Wahl, 
2004) 



41 
 

Pyramids  

 

Bivalve 
Tellina plicata 
 
 

5 (Scardino et 
al, 2006) 

Ridges 

 

Blue mussel 
Mytilus 
galloprovincialis 
 

1.8-1.9 (Scardino et 
al., 2009) 

Ridges  Bivalve 
Pinctada 
margaritfera 

<10 (Liu et al., 
1999). 

Ridges 

 

Bivalve 
Acrostergima 
reeveanum 

500 (Scardino et 
al, 2009) 

Ridges 

 

Bivalve 
Septifer 
bilocularis  

200  (Scardino et 
al, 2009) 

Ridges 

 

Bivalve 
Dosinia juvenilis 

400-
500 

(Scardinio 
et al, 2009) 

Ridges 
 

 

Catshark egg 
case 
Scyliorhinus 
canicula  
 
 

15-115 (Bers & 
Wahl, 
2004) 

Ridges 

 

Horseshoe crab  
Limulidae Sp. 

 (Patil and 
Anil, 2000) 
 

Ripples 

 

Blue mussel 
Mytivus edulis 

1-2 (Bers et al, 
2006) 
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Ripples  Penguin's wing 
oyster 
Pteria penguin 

0.8 (Gunther 
and Nys, 
2006) 

Ripples  Winged oyster 
Pteria perna 

1.5-2 (Bers et al, 
2006) 

Ripples  Winged oyster 
Pteria chinensis  

0.65 (Gunther 
and Nys, 
2006) 

Scales  

 

Spinner shark 
Carcharhinus 
brevipinna 

<30 (Kirschner 
and 
Brennan, 
2012) 

Scales  

 

Galapagos shark 
Carcharhinus 
galapagensis 

<30 (Kirschner 
and 
Brennan, 
2012) 

Scales  Shortfin mako 
shark 
Mako Isurus 
oxyrinchus 
 

<10 (Bechert, et 
al., 2000) 

Scales 

 

Smooth 
Hammerhead 
Sphyrna zygena 

<10 (Bechert et 
al, ., 2000) 

 

 The use of micro-textures as a way to alter surface properties is reported 

throughout the natural world (Feng et al., 2008; Guo and Liu, 2007; Liu and Jiang, 2011; 

Baum et al, 2001; Bers & Wahl, 2004; Scardino et al, 2006; Scardino et al, 2003; Scardino 

and de Nys, 2003; Liu et al., 1999; Scardino et al, 2009; Patil and Anil, 2000; Bers et al, 

2006; Gunther and Nys, 2006; Kirschner and Brennan, 2012; Bechert et al., 2000). Rosebud, 

rice leaf micro topographies are taken from land plants (Feng et al., 2008; Guo and Liu, 

2007; Liu and Jiang, 2011), therefore it is unlikely that they have evolved for the purpose of 

antifouling. However, lotus and rice plants grow in aquatic conditions therefore it may be 
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possible that these topographies have developed on rice leave to limit the settlement of 

diatoms, which may be inhibiting the photosynthesis process. 

  The rest of the surfaces in the table are from marine organisms, therefore is its 

plausible to say that these micro-textures may have developed as a natural defence 

mechanism by marine organisms is reported across a wide range of species within the 

literature (Table 1.4). A study by Liu et al, (1999) found that the grooved micro-topography 

of the mollusc Pinctada margaritfera was an example of iridescent photonic structures and 

used to diffract light. However, on reflection of this, there is also the possibility that these 

ridges have an antifouling effect, as they are not too dissimilar to grooves found on mussel 

or cockle shells. 

   Imprints and moulds taken from Bers and Wahl (2004) study were tested in field 

trials and there were mixed results. The micro-topography of C. pagurus and  M. edulis 

limited the settlement of macrofoulers such as barnacles. Whereas, O. texturata had 

deterrent effects on microfoulers (Z. commune, Vorticella sp.) and the S. canicula eggcase 

had deterred settlement of both micro and macrofouling. 

1.5 The diatom attachment theory 

  The diatom attachment theory has been suggested as a reason to explain 

why these micro textures may be working to reduce settlement of marine biofilm (Scardino 

et al., 2006). Diatoms are a primary fouling organism and may often be the first species to 

settle and colonise a submerged surface. When a surface is flat, diatoms can settle easily 

on the surface and form multiple attachment points (Figure 1.5a). However, when a surface 

has a micro-texture, one of two things may occur to the diatom. If the surface topography 

is larger than the scale of the diatom, the diatom may settle comfortably within the 

crevices, form multiple attachment points, and be protected from hydrostatic forces 

(Granhag et al, 2004) and abrasion (Figure 1.5b). However, if the surface topography is 

smaller than the diatom, the diatom may settle on top of the surface features, and have 
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less surface area of its silica shell in contact with the surface, therefore reducing the 

amount of attachment points that it can form, leading to weak attachment (Figure 1.5c). 
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 This is known as diatom attachment theory (Scardino et al., 2006), and it has been 

demonstrated with a range of species such as Ulva linza (Callow et al., 2002; Hoipkemeier-

Wilson et al., 2004; Carman et al., 2006) multiple species of diatom (Scardino et al., 2006) 

and for larger fouling species such as barnacle cyprids (Aldred et al., 2010) bryozoan Buluga 

neritina and tube worm Hydroides elegans (Scardino et al,. 2008). 

Multiple attachment points 

(a) 

Multiple 

Protection from hydrostatic forces 
(b) 

Reduced attachment points 

Exposure to hydrostatic forces 
(c) 

Figure 1.5  A schematic illustration of theoretical attachment points of a diatom; (a) attachment on a flat surface; (b) 

attachment where micro-topography that is larger than organism (micro-refuge) (c) attachment where micro-topography 

is smaller than the diatom therefore a reduction in attachment points (Adapted from Scardino et al, 2006). 
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The micro-topographies that have arisen throughout nature (Table 1.4) and 

manufactured (eg. Sharklet) could be utilizing the diatom attachment theory and therefore 

this is why they have antifouling properties. Although this is sometimes contested, it is 

thought that the species of diatoms and bacteria present in biofilm can influence the 

settlement of macrofouling species further along the biofouling process. The attachment of 

spores and larvae can be influenced by bacterial biofilms via bacterial quorum sensing 

signals, both encouraging (Callow and Callow, 2006; Huggett et al., 2006) or discouraging 

settlement of macrofouling species (Dobretsov et al., 2006). An example of this occurring in 

the field is the settlement of larvae of the common Australian sea urchin Heliocidaris 

erythrogramma on the surface of coralline algae in response to the chemical compounds 

produced by bacteria biofilm on the surface of coralline algae (Huggett et al., 2006). 

Therefore, reducing the settlement of diatoms and bacteria will limit the process of 

biofouling and limit settlement of macrofouling communities.  

1.6 Biomimicry  

Biomimicry is an innovative approach to solving human challenges by taking 

inspiration from patterns and strategies that have developed in nature over long time 

periods. The term biomimicry was first described by Otto Schmitt in 1957.  

The most successful example biomimicry in the antifouling field to date is Sharklet 

™ developed by Carmen et al. (2006; Figure 1.6b). Sharklet ™ is a novel microscopic 

physical surface modification which is inspired by Carcharhinus brevipinna (Figure 1.6a).   

The Sharklet ™ micro-topography consists of rectangular ribs 2 μm wide and of varying 

length from 4-16 μm with a spacing of 2 μm and height of 3 μm. The ridges form a diamond 

like shape mimicking the scales of the spinner shark (note similarity between figure 1.6a 

and 1.6b).  
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  The Sharklet ™ pattern has been tested using both microfouling and macrofouling 

organisms and it has been found to reduce the attachment of of the green algae Ulva sp. 

(by 86% ; Carman et al, 2006; Schumacher et al, 2008 ); bacterium Cobetia marina (Magin 

et al, 2010); diatom Navicula incerta (Long,2009) and cyrpids of the barnacle  Balanus 

amphitrite (Schumacher et al, 2010). However, all of these experiments have been done in 

a lab environment; there is no significant reports of it working in the field. 

 Not only has Sharklet ™ been tested using algae species, it has also been tested for 

use in medicine as an antifouling mechanism for bacterial biofilms. Sharklet ™ has been 

tested for use in catheters as a way of reducing catheter related urinary tract infections  

and catheter-related blood stream infection (Reddy et al, , 2011; May et al, 2015) and has 

showed a significant reduction in the coverage of Staphylococcus aureus bacteria compared 

to a smooth surface (Chung et al, 2007).  

  Sharklet, and other tested surfaces are created on polymer substratum using a 

technique called photolithography, (Carman et al, 2006). When used in the marine 

environment, micro-abrasion may chip off parts of the polymer pattern, hence adding to 

Figure 1.6 Images from (a) a scanning electron micrograph of the skin of the spinner shark scales and (b) White-light 

optical profilometry magnification of the of the Sharklet AF™ pattern raised on a surface (Kirschner and Brennan, 2012). 
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the micro plastics problem in the ocean and lending the pattern ineffective towards 

fouling.   

1.7 Multi-scale Multi-feature surfaces 

 The majority of biomimetic surfaces for the marine antifouling studies have 

focused on the use of a single feature or a single scale of pattern (Cunha et al, 2016; 

Schumacher et al, 2008; Brzozowska et al, 2014). However, in recent years the investigation 

into multi feature, multi scale surfaces has grown in application to the medical field. 

Multiscale texturing of surfaces using laser surface texturing has been utilised for the 

medical field, as it has been used on the surface of hip implants to enhance implant 

longevity (Ratner et al., 2004). The multiscale laser textured surfaces modify the behaviour 

of osteoblast cells and other cells increasing their attachment to the implanted surface and 

therefore increasing the chances of successful implant (Wong et al., 1995; Anselme, 2000; 

Bronzino and Park, 2002; Ratner et al., 2004). There are four different interactions 

occurring during this process, that are happening on different scales: atomic scale, 

nanoscale, microscale and macroscale. At the atomic scale, the surface energy of implanted 

surface can be modified by chemical processing has been shown to improve bonding of 

proteins and cells (Van Kooten et al., 1992). At the nanoscale, surface features can affect 

microfilaments and microtubules, which form the protein complex that attaches osteoblast 

cells to the surface (Brunette, 1988; Curtis and Wilkinson, 1997; Flemming et al., 1999). 

This would be similar to affecting the EPS that marine cells secrete. Nanoscale features can 

also effect cell signalling, encouraging more cells to settle (Brown and Arnold, 2010). 

Micron-sized features such as grooves, ridges, craters provide more opportunities for 

osteoblast cells attachment, and macroscale features can physically interlock the implant 

with the bone, therefore increasing longevity, which was the overall aim of the multiscale 

surface (Wang et al., 1993; Ward and Hammer, 1993; Den Braber et al., 1998; Kurella and 

Dahotre, 2005). 



49 
 

 Although the multiscale example is not antifouling based, it is actually the opposite 

as it is encouraging settlement of osteoblast cells, it highlights that settlement of cells is a 

multiscale issue. It shows that different interactions at multiple scales are happening to 

increase cell settlement, therefore, it could also be argued that the reverse effect could be 

achieved, by using multiscale textures to limit settlement.  

   Another multi-scale study using nano and micro texturing found that by having the 

ability to alter the texture at various scales with precision enabled the surface to create the 

desired cellular responses (Tan and Saltzman, 2004).  It has also been found that surfaces 

that have  multiple length scales bear a closer resemblance to biological matrices than 

those with single scale features (Tan and Saltzman, 2004), therefore multi-scale and multi-

feature surfaces may enable a more precise biomimicry and be more advantageous than 

single scale and single feature patterns. This hierarchical approach of overlaying textures of 

both micro, and nano- scales to create multi-feature, multi-scale surfaces has had the most 

attention within the medical field, although it may be applicable for marine antifouling 

applications. 

1.8 Lasers 

  The first time laser pulsed were used was in 1960 when Theodore Maiman 

constructed a laser from a Ruby rod excited by the light of a flashlamp (Maiman, 1960). A 

laser produces light that is unique in several ways. First it is monochromatic – its 

wavelength is very well defined, and it is coherent – the electromagnetic waves that form 

the beam of light travel almost perfectly in phase. This allows the laser light to travel as a 

well-defined beam with little divergence over large distances, and for that light to be 

focussed by a lens or similar optic to a small spot size, i.e. less than 100μm for many lasers. 

In particular it is the ability to concentrate the power of the laser light into such a small 

spot that has enabled the laser to be considered as a tool for processing materials. Since 

1960 many different types of lasers have been developed such as Carbon Dioxide (CO2), Nd-
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YAG (Neodymium doped Yttrium Aluminium Garnet) lasers, and fibre lasers. These lasers 

have found applications in many areas including welding, scientific analysis, metrology, 

communications, entertainment and materials processing.  

1.8.1 Laser micro-machining 

  Laser micromachining can be used either to remove materials or to change a 

material's properties (Gattass and Mazur, 2008).  Well defined laser tracks, “vectors”, are 

used to machine the surface. These laser tracks are often straight line hatches and are the 

width of the laser beam. A computer controlled X-Y stage moves the laser beam precise 

distances to follow the vectors.  As the laser spot hits the surface, ablation of the 

substratum at the centre of the laser spot occurs by direct absorption of laser energy 

(Brown and Arnold, 2010). The material is vaporized and a highly directed plume of solid 

and liquid clusters of material forms at the radiated site. Towards the outside of the laser 

spot the energy is less, therefore all of the material cannot be ablated, and it is melted. The 

plume is ejected from the radiated zone, and can cause the surrounding molten surface to 

move in liquid form and re-solidify to create ripples and ridge like structures (Brown and 

Arnold, 2010) . Re-solidification of the material from the vapour plume can create clusters 

of nano-particles which further alter the roughness of the substratum at the ablated region 

(Semaltianos et al., 2008; Brown and Arnold, 2010). 

  Depth and surface finish will be determined by pulse energy, pulse length, spot size 

and traverse speed. These parameters are the top-level parameters, often programmed 

directly into a micromachining system. Areas are machined by filling the area with hatch 

vectors. These can be simple parallel tracks suitably spaced (“hatch spacing”), cross hatch 

or other parameters. Laser micro-machining can be used on larger areas, to create laser 

surface texturing.  
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  An advantage of laser micro-machining is that there is not direct contact with the 

surface, unlike in moulding or other surface modification techniques, therefore, less risk of 

imperfections. However, a disadvantage of this laser micro-machining process is that 

excess heat from the beam may cause melt, and re-melt to harden into random, 

unpredictable structures, therefore causing imperfections on the surface pattern (Duncan 

et al., 2002). Laser ablation may also cause possible alterations to surface chemistry which 

may influence fouling (Scardino, 2009). However, there are a some disadvantages with the 

laser micro-machining process in that is it energy intensive, and can be costly when done 

on a large scale (Gower, 2000). In many application this can be overcome by creating a 

master using the laser processing, and then casting material off the master to produce high 

volumes of replica parts to be manufactured at low unit costs (Gower, 2000). 

1.8.2 Laser surface texturing 

  The process outlined for micromachining can lead to areas of the surface becoming 

textured, especially if a coarse hatch spacing (greater than spot size) is used. Textures with 

a spatial feature sizes of μm’s can be produced. Laser surface texturing enables a well 

defined and reproducible pattern to be etched onto a surface at the micron scale. Surfaces 

are at the interface between two different environments, whether that be between two 

different components within an engine or between marine and terrestrial environments. 

Surfaces are the area where interactions occur, for example, surfaces of moving 

components within an engine rubbing together and creating friction. The surface of these 

components can be altered at the microscale by laser surface texturing to reduce friction 

(Braun et al., 2014). The altering of surfaces by laser surface texturing within industry has 

had many useful application such as increasing fuel efficacy of engines (Etsion and Sher, 

2009), increasing the light trapping efficacy of silicon wafers within solar cells (Nayak et al., 

2011) and increase solar absorbance of tantalum carbide pellets for solar energy 

applications (Sciti et al., 2017). 
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1.8.3 Effect of Laser surface texturing on roughness and contact angle 

 Laser surface texturing has shown to have effects on the surface characteristics of 

materials.  Laser surface texturing can alter the roughness and the contact angle (CA) of 

surfaces (Bizi-Bandoki et al., 2011). Some studies showing that laser surface texturing 

decreases contact angle creating hydrophilic properties (Cunha et al., 2013), whereas 

others have found that laser surface texturing has increased the contact angle, creating 

hydrophobic and even super hydrophobic surfaces (Dunn et al., 2016). It is now generally 

agreed that laser surface texturing can both increase and decrease the wettability of the 

surface, depending on factors such as type of laser, laser parameters, substratum surface 

and the time exposed to air after laser irradiation (Li et al., 2016). The ability to change the 

wettability of surfaces has many applications for industry such as enhanced boiling in heat 

transfer applications (Zupančič et al., 2017) and reducing corrosion of surfaces (Trdan, 

Hočevar and Gregorčič, 2017). The ability to control wettability may be useful in creating an 

antifouling surface as wettability studies on marine organisms have shown that some 

species prefer to settle on hydrophobic surfaces (Rittschof and Costlow 1989; Gerhart et al. 

1992; Holm et al. 1997), whereas others prefer to settle on hydrophilic surfaces (Dahlström 

et al., 2004).  

  Roughness and wettability are interlinked (Kubiak et al., 2011). The contact angle 

of a surface may be explained by two models, the Cassie-Baxter model (Cassie, 1948) and 

the Wenzel model (Wenzel, 1936). In the Cassie-Baxter model, the droplet sits on top of 

the textured surface, with air trapped underneath (Figure 1.7a), and can be used to explain 

hydrophobic and super hydrophobic  surfaces, where contact angle (CA) is above 150° 

(Cassie, 1948; Ma and Hill, 2006; Bormashenko, 2008; Erbil and Cansoy, 2009).  In the 

Wenzel model, there is no trapped air, and the droplet spreads out among the surface 

(Figure 1.7b), and can be used to explain hydrophilic surfaces where the contact angle is 
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less than 90°. The main difference between the two is the surface of exposed air that is 

under the droplet in the Cassie-Baxter system. 

 

 

 

 

 

 

 

 

 

 

1.8.4 Effect of Roughness and contact angle on settlement  

  Laser surface texturing alters the roughness and the wettability of surfaces. 

Altering the roughness of a surface can change the wettability, as both are interlinked 

(Kubiak et al., 2011). The entrapped air bubbles that are discussed in the Cassie-Baxter 

model, are also thought to have antifouling properties as they act as a barrier between the 

fouling organism and the surface (Wu et al., 2013; Figure 1.8). The air bubble acts as barrier 

in which reduces the attachment point of the fouling organism, in a way similar to the 

diatom attachment theory.  

  However, this air entrapment theory may not be completely accepted by some 

authors due to the likelihood of entrapped air when submerged. In Wu et al (2013) 

investigation in-situ small-angle x-ray scattering was used to measure the percentage 

interface that remains dry on superhydrophobic surfaces immersed in diatom culture 

(a) (b) 

Figure 1.7 A schematic diagram of (a) Cassie-Baxter model  and (b) Wenzel model ( modified from Liu and Choi, 2013) 
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media. It was found that surfaces exhibited a degree of resilience against wetting as the 

small-angle x-ray scattering profiles obtained from the submerged surfaces suggest that 

the super-hydrophobic surface virtually remains dry after initial immersion (Wu et al, 

2003). The surfaces were immersed for a 6 hour period, and the results remained constant 

suggesting that no further wetting occurred on the super-hydrophobic surfaces (Wu et al, 

2003), therefore, providing evidence that air entrapment is occurring on these surfaces, 

which may be leading to the antifouling effects.  
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Figure 1.8 A Schematic diagram demonstrating the effects of air pocket size on diatom attachment where (a) 

the air pocket is much larger than the diatom, (b) the air pocket is similar size to the diatom and (c) the air 

pocket is smaller than the diatom (adapted from (Wu et al., 2013).  

  It has been suggested that roughness is a key factor in the stableness of the air 

pockets in which determine the contact angle regime (Wu et al., 2013), therefore 

roughness, contact angle and antifouling potential may all be interlinked.  This reinforces 

marine fouling species may be repelled by surface wettability, and therefore laser surface 

texturing will be a useful tool in creating this change in surface wettability. 

1.8.5 Laser surface texturing and Biomimicry 

  For the majority of biomimetic antifouling studies so far, photolithography 

techniques have been used. There has been one study using laser surface texturing to 

recreate Sharklet ™ type structures (Bixler and Bhushan, 2013) but this study was aimed at 

drag reduction rather than investigating antifouling properties. A laser surface texturing for 

biomimetic surfaces is a study by (Greiner and Schäfer, 2015) who investigated laser-

(a) 

(b) 

(c) 
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created textures inspired by the scales found on the skin of snakes and certain lizards. 

However, this study was aimed at using biomimetic surfaces to reduce friction of 

components. Snakes were chosen as their natural behaviour involves friction with the 

ground as they move, therefore it was thought that snake scales may have developed to 

reduce the friction, as this is a benefit to the snake as less energy is required to move 

(Greiner and Schäfer, 2015). It was found that snake scale biomimicry patterns reduced 

friction forces by more than 40% in an unlubricated contact (Greiner and Schäfer, 2015). 

However, when lubricated, the friction increased by a factor of 3. However, it is argued that 

snakes travel over the ground in unlubricated conditions, so the mimicked surface will also 

work best under unlubricated conditions. They predict that even higher friction reduction 

will be possible once the exact contact mechanical mechanisms are known (Greiner and 

Schäfer, 2015). Although this study is not an antifouling study, it directly shows that laser 

surface texturing can be used for biomimicry purposes. 

  A study by Scardino et al (2006) used laser surface texturing to create biomimetic 

surfaces on polyimide film substratum based on the natural surfaces of the mussels Mytilus 

galloprovincialis and Tellina plicata. In this study the biomimetic surfaces reduced the 

settlement of Ulva sp. This study is rare in that it is one of the few that use lasers to (a) 

create biomimetic surfaces and (b) test these surfaces for antifouling resistance. However, 

this study (Scardino, Harvey and De Nys, 2006) dissimilar to our study as surfaces were 

created on polyimide film, and not laser etched directly onto marine grade steel.  

1.9  Table of studies  

  Micro-textured surfaces have been recently emerging as a protection against 

fouling. These studies have been categorised and reported in Table 1.5. There are many 

factors such as substratum type, texturing method, and fouling organism which cause 

differences between these studies, however, all show the general trend that micro-textures 

can be used to reduce fouling. 



57 
 

Table 1.5 Table of micro-textured antifouling studies 

 

 

  
Substratum 

  
Method of 
texturing 

  
Fouling 
organism 

  
Species 

Micro-
textures  Lab 

or 
Field  

Bio- 
mimetic 

  
Based on 

  
Features 

  
reduce 
biofouling Reference 

PDMS 
photolithographic 
techniques Zoospores Ulva linza Yes Lab No 

straight 
lines single 

Hoipkemeier-
Wilson et al., 
(2004) 

PDMS 
photolithographic 
techniques Cyrpid  B. amphitrite  Yes Lab Yes Sharklet single 

Schumacher 
et al,  (2007) 

PDMS 
photolithographic 
techniques Bacteria 

Staphylococcus 
aureus  Yes Lab Yes Sharklet single 

Chung et al, 
(2007) 

PDMS 
photolithographic 
techniques Zoospores Ulva  Yes Lab Yes 

Sharklet 
and others Multi 

Schumacher 
et al, (2007) 

PDMS 
photolithographic 
techniques Zoospores Ulva linza Yes* Lab Yes Sharklet Single 

Carman et al, 
(2006) 

PDMS 
photolithographic 
techniques Diatom 

Amphora 
coffeaeformis Yes Lab Yes Crab  single 

Brzozowska 
et al, (2014) 

    Cyprid 
Amphibalanus 
amphitrite Yes Lab Yes Crab  single 

Brzozowska 
et al, (2014) 

PDMS 
photolithographic 
techniques Tube Worms Unknown Yes Field Yes Crab  single 

Brzozowska 
et al, (2014) 

PDMS 
photolithographic 
techniques Diatoms Mixture No Field No  

targeted 
to diatoms Multi 

Sullivan et al, 
(2017) 

PDMS  
photolithographic 
techniques Zoospores Ulva linza Yes Lab Yes Sharklet single 

Schumacher 
et al, (2008) 

PDMS  
photolithographic 
techniques Zoospores Ulva  Yes Lab Yes Sharklet single 

Schumacher 
et al, (2007) 

PDMS 
photolithographic 
techniques Bacteria 

 C. marina  
Yes Lab Yes Sharklet multi 

Magin et al, 
(2010) 

      
  

      
trangles 
and pillars     

PDMS 
photolithographic 
techniques Diatoms 

Navicular 
incerta  Yes Lab Yes Sharklet Single Long (2009) 

PDMS 
wrinkled surface 
topographies  Zoospores Ulva linza Yes* Lab No   Multi 

Efimenko et 
al, (2009) 

PDMS 
wrinkled surface 
topographies  Diatoms unknown Yes Field No   Multi 

Efimenko et 
al, (2009) 

Epoxy resin 
Cast directly off 
marine organism 

Range of 
species** 

Range of 
species** Yes Field Yes 

Range of 
species single 

Bers and 
Wahl (2004) 

Epoxy resin 
Cast directly off 
marine organism 

Range of 
species   Yes Field Yes 

Mussel 
single 

Scardino and 
R. de Nys 
(2004) 

PDMS 
Cast directly off 
marine organism Diatoms 

Closterium and 
Navicula  Yes Lab Yes 

lotus leaf, 
crab shell Single 

Chen et al, 
(2015) 

Stainless Steel 
(4N) Electro-polishing Bacteria 

S. aureus and 
P. aeruginosa Yes  Lab No   Single 

Wu et al, 
(2018) 

PDMS Laser ablation  Diatoms 
N. paleacea, N. 
jeffreyi, . Yes Lab Yes Mussel  single 

Scardino et 
al, (2006) 

      
Amphora sp. F. 
carpentariae             

PET Laser ablation  
Osteoprogenitor 
cells   Yes Lab No   single 

Duncan et al, 
(2002) 

Polycarbonate Laser ablation  Diatoms, algae 
Amphora sp, 
Ulva rigida, Yes Lab No   Single 

Scardino et 
al, (2006) 

   Tube Worm 
 Hydroides 
elegans        

   Tube Worm 
Centroceras 
clavulatum,       

    Bryozoa 
 Bugula 
neritina        

Titanium alloy Laser ablation  Bacteria S. aureus Yes Lab No   Single 
Cunha et al, 
(2016) 

Chitosan Laser ablation OLN 93 cell line 
oligodendroglia 
cell Yes Lab Yes Sponge Single 

Rusen et al., 
(2014) 

Stainless Steel  
Laser ablation 
and coating Unknown   Yes Field No   Single 

Sun et al, 
(2018) 
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Chapter 2 Aims   

    The aim of this study is to develop a biomimetic pattern using laser surface 

texturing directly onto marine grade steel that has antifouling properties. The biomimetic 

pattern will be inspired by investigating the marine surfaces found in the natural world 

such as on crab and shell surfaces. The topography will combine features found on natural 

surfaces that protect against fouling in the natural marine environments. 

2.1  Objectives  

 Evaluate if laser surface texturing can be used as a potential antifouling method 

[Chapter 4]. 

 Evaluate micro-topographical structures found in nature [Chapter 5]. 

 Artificially mimic these patterns using lasers on metal surfaces to create single 

feature biomimetic surfaces [Chapter 5]. 

 Test single feature surfaces in field experiments and statistically evaluate results to 

find the best pattern(s) [Chapter 5]. 

 Combine features of best patterns to increase antifouling potential to create new 

multi- feature and multi-scale antifouling surface textures [Chapter 6]. 

 Test these new multi- feature and multi-scale antifouling surfaces in field 

experiments and statistically evaluate results to find the best pattern(s) [Chapter 

6]. 

 

2.2 Justification 

  As outlined in the literature review, biofouling is a costly problem for the maritime 

industries, and previous antifouling methods have had negative effects on marine life, and 

the health of our oceans. With ongoing bans of toxic chemicals, there is high demand in the 

antifouling industry for a non-toxic, eco-friendly, antifouling method. This project has the 

potential to fill the gap in the antifouling market. 



59 
 

  Previous studies on laser textured surfaces have shown that the surface 

topography has the ability to alter the settlement of cells (Rusen et al., 2014; Cunha et al, 

2016; Sun et al., 2018). It is shown in the literature review, that the biofilm layer which is 

made up of individual algae cells and bacteria is important in the succession of fouling 

(Wahl, 1989. Chambers et al., 2006). This study is to determine if laser textured micro-

topographies are able to have an antifouling effect in the marine environment. Other 

research has shown that micro-topographies created on polymer substratums have limited 

settlement of marine fouling species under lab conditions (Hoipkemeier-Wilson et al., 

2004; Schumacher et al., 2007; Carman et al., 2006; see Table 1.5). This study is taking a 

real world approach and is testing the steel directly in the marine environment rather than 

in a lab setting.  

  This study is building upon knowledge of laser surface texturing, the interactions 

between surface characteristic and cells, and exploiting the ever growing demand in the 

anti-fouling market for a eco-friendly solution to fouling.  

2.3 Novelty 

The novelty within this study lies within various parts: 

(1) Fabrication of surfaces: laser surface texturing has been widely used, but not for 

testing for antifouling potential directly in the marine environment. 

(2) The marine species investigated for biomimetic purposes 

(3) The laser textured patterns produced are novel 

(4) Field testing – very few biomimetic surfaces were tested in the field and not limited 

to one species.  
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Chapter 3 Methods 

 

3.1 Equipment used  

  Throughout this project, there are key pieces of equipment used regularly. This 

equipment is detailed in this section.  

Table 3.1 Key equipment 

Equipment  Function  

White light interferometer 
(BRUKER Contour GT) 

 Creates 3D scans of surfaces 

 Has smaller field of view than topographical microscope 

 Finer detail than topographical microscope 

 Best used for flat surfaces  

Fringe projection 
Topographical Microscope 
(GFM MikroCAD Premium 
1.6x1.2 (now LMI 
Technologies Inc.)) 

 Creates 3D scans of surfaces. 

 Has a larger field of view than White light interferometer, 
therefore easier to use when scanning shells and curved 
objects. 

Laser System 
 

 SPI G3 ns pulsed infra-red fibre laser 
o 20W average power 
o 1064nm wavelength 

 Lino Beam Expanding Telescope 

 GSI Lightning Galvanometer scanning head with Linos 
100mm focal length f-theta lens giving a 60x60 mm working 
area 

ZEISS microscope (for 
surface photos) 

 Zeiss x200 lenses 

 With camera. 

Keyence microscope (for 
surface photos) 

 VHX-5000 

ZEISS microscope (for diatom 
species analysis) 

 Zeiss Axio Imager. A2 

 With DIC (Differential Interference Contrast) and plan 
apochromat lenses 

 

3.2 Creating surfaces 

  Micro-textured surfaces were created by laser texturing 50x50 mm marine grade 

stainless steel coupons (316L) using the SPI Fibre laser. There are a number of parameters 

that control the laser texturing parameters. These parameters are set both in the laser 

control and the galvanometer scanning software: 
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Table 3.2 Laser parameters 

Parameter Units Function 

Hatch spacing 
(Galvo) 

 
μm  

The space between the parallel laser tracks that are used 
to fill an area. This parallel hatch spacing can be used to 
create texture patterns 

Hatch Angle 
(Galvo) 

° 
The angle of the hatch lines to the X axis of the 
galvanometer system 

Speed 
(Galvo) 

mm/s 

The speed of the focussed laser spot across the surface. 
This controls how the individual pulsed laser spots are 
spread out along the track. Faster speeds allow for 
individual laser spots to not overlap. 

% Power 
(Laser) 

 
% 

The laser is a 20W average laser maximum, and the 
percentage power controls the overall average power 
produced. When used at 100% 20W are delivered, and at 
50% 10W. 

Frequency 
(Laser) 

kHz The repetition rate of the laser pulses generated. 
Normally 25kHz or higher 

Pulse length 
(Waveform) 
(Laser) 

ns The temporal length of each laser pulse, measured in ns. 
The SPI laser have a set menu of “waveforms” giving 
different pulse lengths, e.g. Waveform 0 has a nominal 
pulse length of 200ns. This is the longest pulse length 
delivered by the SPI laser used. 

Passes 
(Galvo) 

n/a The number of passes of the laser over the surface 

  

 Various different parameters can be altered to create different micro-textured 

patterns. Overall, the micro-textured are created by the laser moving across the surface on 

a programmed route, an example is shown in Figure 3.1.  
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   To create different patterns the different laser parameters indicated in table 3.2 

were altered. All of these parameters are recorded for each pattern and are shown within 

the individual methods chapters. 

3.3 Laser set up  

 The laser source employed for the laser texturing is a SPI Lasers G3 20W nS pulsed 

fibre laser operating at a wavelength of 1064nm. The laser beam is delivered by fibre optic 

to a beam expanding telescope (LINOS) where the beam is collimated to fill the 10mm 

diameter input aperture of a GSI LDS-10 Lightning galvanometer scanning head fitted with 

a Qioptiq (Linos) Ronar 100mm f-theta focussing lens. This gives a 25µm focal spot 

diameter in the focal plane and a working field of 60mm x 60mm. The galvanometer 

scanning head is controlled using SCAPS Samlight software. The laser texturing is 

performed by tracing the laser beam along a programmed vector paths, typically a hatched 

square of size to match the sample coupons.  The software controls the laser spot traverse 

speed (mm/s) and the spacing of the hatch lines (µm) and the number of overall passes 

applied to the surface. The SPI Laser parameters are controlled from a PC using a USB serial 

Horizontal laser track 

Peak 

Vertical laser track 

Metal surface 

Figure 3.1 An example of how peaks are formed using cross hatch laser parameters. 
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link. Parameters set are the % average power (W), the pulse repetition frequency (kHz) and 

the nominal pulse length (nS). They were created using a pulsed laser beam controlled by a 

galvanometer which used a X-Y axis mirrors to reflect the laser beam (Figure 3.2).   

  

  

  

  

  

  

  

  

  

  

  

Figure 3.2  Schematic diagram of a laser set-up for direct laser patterning moveable focussed 

laser beam controlled by a mirror galvanometer (Tzu Goh, 2014).  

 

3.4 Testing of surfaces for antifouling potential  

 Once the 50x50mm textured surface was created, they were tested in the field for 

antifouling properties. The surfaces were submerged for 7 days (actual dates in chapter 

methods). 

3.4.1 Field site  

  The field site used for testing the surfaces is based in the Albert Dock, Liverpool 

(53°24'1.08" N -2°59'33.72" W; Figure 3.3). The field site was a semi-enclosed marine water 

body, that had previous been restored as it is no longer used for commercial shipping 

(Geist and Hawkins, 2016). Lake and reservoir restoration techniques were successfully 

used in deeper dock basins, such as the use of Helixor air lift pumps which pumps de‐

stratified the dock and prevented build up of an anoxic layer (Russell et al., 1983; Allen et 
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al., 1992; Allen and Hawkins, 1993a, 1993b; Wilkinson et al., 1996). Prior to the restoration, 

the water body had suffered with eutrophication, and therefore an anoxic zone which was 

caused by dense phytoplankton blooms in the nutrient‐rich surface layer (Geist and 

Hawkins, 2016). The water body is 27ppm, and this environment enabled a dense 

settlement of filter feeders such as mussels to natural settle in the dock (Hawkins et al., 

1992). To the present day, the mussels provide an ecosystem service for the Royal Albert 

Docks as they act as a bio-filtration system, as it has been estimated that the whole water 

body volume is filtered through mussels every 12 days (Geist and Hawkins, 2016). This has 

led to a thriving marine assemblage present in the docks, and the water body is now safe 

under EU bathing regulations (Geist and Hawkins, 2016). Migratory sea trout, Salmo trutta, 

have returned to the Dock areas, due to the cleaner waters and thriving ecosystem 

(Hawkins et al., 1999b). 
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                     Figure 3.3 Field site  
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3.4.2 Experimental set up 

 Each micro-textured pattern has 5 replicates, and the control with 5 replicates 

were submerged using a randomised block design method (Hurlbert, 1984). Each pattern 

was attached to a larger 20x20 PVC panel (block) using Velcro™. Each block contained one 

replicate of each pattern and one replicate of the control (figure 3.4). The positioning of 

each pattern within the block was randomised. The blocks were part of a larger frame 

which was made out of ABS piping (RS). The frame was immersed at a depth of 1 metre at 

the study site for approximately one week (exact dates, see experimental chapters). Biofilm 

growth rate is highest in the euphotic zone as abiotic factors such as light availability, and 

temperature effect the growth and presence of biofilm species (Patrick, 1971; Pyne, 

Fletcher and Jones, 1986b; Munda, 2005; Yang et al., 2015). 
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25  cm   

Inlet hole   Block   
(a)   Frame set  up 

  

Approx.  cm 188   

Inlet hole   Cable tie   

T - pieces   

Block   

20  x 20 cm   

Metal panels  
( different patterns )   

(b) Block set up   
  

Rope   ( 1 m )   

Weight   

(c) Deployment   of frames   

  

Figure 3.4  Experimental set-up shown as (a) frame set up, (b) block set up and (c) deployment of the 

frame. The total length of the frame is 188cm. Blue squares: PVC panel (20x20 cm) attached using 

cable ties (black lines), thick brown line: ABS piping plus 90° bends and T-pieces pieces [Source: Dr S. 

Dürr].   
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3.5 Data collection  

   Once removed from the field site and preserved in 70% ethanol, surfaces 

were analysed using microscope techniques. A Zeiss AX10 microscope at x50 

magnification was used on the single pass experiments, a Zeiss / Keyence 

microscope was used on the combined pass experiments; however, methods 

are the same. 

  Firstly, the surface was transferred into a petri dish lid with low sides so 

that the surface can still be fully submerged but can fit under the microscope.    

  

  Due to changes in species' distributions near habitat edges (Ries and Sisk, 

2004),  photographs are taken of the inner 20x20mm square (Figure 2.5). The 

field of view of both cameras was 1600 μm by 1300 μm. 

 
  

Figure 3.5 A schematic illustration of the photo taking process for data collection.  

   The 20 x 20mm inner square was broken down into 195 consecutive 

photos. The 15mm border surrounding the 20 x 20mm inner square was not 

  

  

  

  

  

  

  

  

  

  

  

50  mm   

Las er processed pattern    

0.5  mm   

x20mm inner square  20 
used for photographs   
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used in the image capture process and was there to buffer any edge effects 

that may occur, so that edge effects are not included in the analysis.    

3.5.1 Biofilm settlement 

   For every panel there are 195 photographs, numbered 1 to 195 (.JPEG for chapter 

5, .TIF for chapter 6 files). Random number tables (RAND, 2001) were used to select 50 

photos randomly from the 195 (method is based on (Butler et al., 2010)). Images were 

analysed in imageJ (Rasband, 2007) where the number of individuals settled on the surface 

were counted manually. An individual is defined as a biological structured shape, this could 

include colonies of bacteria. However, amorphous shapes were not counted.   

3.5.2 Biofilm position on patterns 

  Where the pattern permits, the total number of individuals counted was separated 

into three categories depending on their position within the pattern. Position 1 is recorded 

when the individual settled solely on the laser feature, position 2 is recorded when the 

individual settled on the unprocessed area between the laser features and position 3 was 

recorded when the individual is settling next too but not on top of a laser processed 

feature (Figure 3.6). 
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Figure 3.6 (a) real microscope images and (b) schematic illustration of the position of marine fouling 

organisms according to three different categories used for data collection. 

3.5.3 Statistical analysis  

  A one factor ANOVA (Field, 2013) was carried out in SPSS (Version 26, IBM) 

to determine if block design was having an effect on the settlement results. No significant 

differences in settlement between blocks was found for any of the experiments within this 

thesis (p> 0.05; full test reported in results section for each chapter), so blocks were 

ignored in further statistical analysis. Data was tested for normality using Shapiro-Wilk test 

(Field, 2013) and homogeneity using Levene's test (Field, 2013). Depending on the outcome 

of those tests, a one factor ANOVA (Field, 2013) or Kruskal Wallis (Field, 2013) test was 

carried out in SPSS (Version 26, IBM) on the number of individuals settled on each pattern 

to determine their antifouling potential. This was followed by a post hoc Dunnets test to 

determine if certain patterns worked better than others. Level of significance was always 

(a) (b) 
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5%. Dunnets t (2 sided) was also used when no significant differences were found post hoc, 

but there was a clear difference between control and all other patterns (p<0.05). 

  PRIMER-e (Quest Research Limited) one factor PERMANOVA (Anderson and Walsh, 

2013) was used to analyse the three positions within the settlement data to determine if 

there was a significant difference in the position of settlement between pattern. Post hoc 

pairwise tests were used compare between patterns. Level of significance was 5%. Analysis 

of similarity (SIMPER; Clarke 1993) was also performed on the position data to identify the 

position that is most responsible for the dissimilarity in settlement between patterns. 

Kruskal Wallis (Field, 2013) test was carried out in SPSS (Version 26, IBM) on the position 

data to determine if significantly more settlement occurred in a given position on a pattern. 

This was followed by a post hoc Dunnets test to determine if certain patterns had more 

settlement in one positon than other patterns. 
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Chapter 4 : An Investigation Into The Use Of Nanosecond Laser Surface Texturing Of 

Stainless Steel (316L) As A Method To Reduce The Settlement Of Marine Biofilm.  

4.1 Introduction 

  The concerns with traditional antifouling methods have led to a search for 

alternative solutions. Recently there has been focus on the use of micro-textures to control 

cell settlement (Cunha et al., 2016b; Scardino et al., 2008). Micro-textures have been found 

to reduce settlement of bacteria and it has shown potential for antifouling applications 

within the medical field was a way to eliminate the use of extra chemicals used on implants 

to combat bacterial biofouling (Cunha et al., 2016b). Micro-textured silicone 

polydimethylsiloxane elastomer (PDMSe) by photolithography techniques has also been 

tested for antifouling of marine biofilm species in lab based assays (Section 1.9, table 1.5; 

Schumacher et al.,  2007; Hoipkemeier-Wilson et al., 2004; Carman et al., 2006; 

Brzozowska et al., 2014). It has been found that micro-textures reduce settlement of a 

range of marine species such as marine alga Ulva (Schumacher et al., 2007b), marine 

bacterium Cobetia marina (Magin et al., 2010) marine diatom Amphora (Vucko et al., 2014) 

and cyprids of barnacle Amphibalanus reticulatus  (Vucko et al., 2014). Mostly, the testing 

of micro-textured PDMSe and other micro-textured substrates has been limited to lab 

based assays, however, two studies have report a successful trial of micro-textured PDMSe 

for antifouling properties when static testing in-situ (Sullivan and Regan, 2017, Vucko et al., 

2014).  

  The creation of micro textures have been done in lots of different way, such as 

photolithography (Schumacher et al., 2007), laser surface texturing (Cunha et al., 2016b), 

hot embossing (Bixler et al., 2014), sand blasting (Arnold and Bailey, 2000), sanding and 

electro-polishing (Wu et al., 2018). The substrate being used will help determine which 
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micro-texturing method is used, as process such as photolithography are limited by 

substrate type. 

The use of lasers in surface texturing allow for controllability and reproducibility of 

surface topography by allowing for precise control of parameters such as the number of 

times the laser passes the surface, and the hatch spacing between the laser tracks.  For 

metal substrates, laser surface texturing has shown to have antifouling effects on biofilm 

using substrates such as titanium (Cunha et al., 2016). Laser surface texturing has also been 

shown to have antifouling effects on graphene (Singh et al., 2017). However, the marine 

studies tend to focus on the use of PDMSe as a substrate, as it is known to have foul 

release properties (Chaudhury et al., 2005, Brady Jr and Singer, 2000). However, there is 

emerging concern around using silicone based antifouling methods as it has been found 

that unbound silicone oils may leach out and have negative impacts on the marine 

environment, as they can be fatal to a range of marine organisms (Nendza, 2007). 

Surprisingly, there has been little interest in the direct texturing of metal for the marine 

environment, although this could be useful for maritime industry as are many places where 

exposed metal could be fouled such as infrastructure associated with aquaculture (De Nys 

and Guenther, 2009), water pipelines from desalination and power plants (Henderson, 

2010) and oil and gas platforms (Page et al., 2010). Direct texturing of metal surface for 

antifouling may be useful is within marine research as science installation features such as 

moorings and optical sensors have exposed metal surface prone to fouling. In fact, 

biofouling is one of the main limiting factor in deployment of short term monitoring 

equipment in oceanographic studies as the fouling effects measurement accuracy of 

devices (Manov et al., 2004). 
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 Therefore, the aim of this study was to determine the effect of laser surface micro-

texturing of metal as anti-fouling on biofilm settlement under alteration of surface 

properties (contact angle, roughness, laser passes and hatching). 

4.2 Materials and methods 

4.2.1 Laser surface texturing 

The laser source employed for the laser texturing is a SPI Lasers G3 20W nS pulsed 

fibre laser operating at a wavelength of 1064nm (as described in section 3.3). 

Based on this experimental setup the following treatments were undertaken: 

           (a)  Number of passes treatment 

For this treatment, a simple one dimensional hatch path was programmed to cover 

the coupon. The spacing between the hatch lines were fixed at 100 µm. The speed was 

fixed at 3200mm/s, the power was fixed at 75% power (15 Watts), the pulse repetition 

frequency was 25 kHz and the pulselengths fixed at 200nS. The experiment was designed to 

test the effect of applying different numbers of passes of the laser path on the coupon 

surfaces on the resulting antifouling effect.  All the other parameters for the laser 

processing were held constant, except the different number of passes that were altered to 

1 pass, 10 passes, 50 passes and 100 passes of the laser path.  

(b)  Hatch spacing treatment  

For this treatment, a simple cross hatch path was programmed to cover the 

coupon. The spacing between the hatch lines was altered as this experiment was designed 

to test the effect of differing hatch distances of the laser path on production of surfaces for 

an antifouling effect. All the parameters for the laser processing were constant, except the 

difference between hatch line spacing. A single pass was used. The speed was fixed at 

500mm/s, the power was fixed at 70% power (14 Watts) and the frequency and 
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pulselength were fixed at 25khz and 200ns, respectively. Three different hatch line spacing 

were produced at 250μm , 500μm  and 750μm  spacing. These were repeated at a 90° 

angle to create a cross hatch laser path.  

4.2.2 Contact angle measurement 

  To determine the contact angle for each surface, a static sessile drop approach is 

used with an KSV CAM101 contact angle goniometer was used to measure advancing 

contact angles. The sessile drop method is a standard approach in measuring contact angle 

(Drelich, 2013)  and has been used on various metal materials (Schuster et al., 2015, 

Prajitno et al., 2016). The surfaces in this study were placed on a flat platform where a light 

source and a camera are focused, then the drop was released and the camera took several 

hundred images of the projected surface as a droplet was placed upon it. Replicates were 

taken on clean un-wetted sections of the surface (typically 3-5 measurements).  The sessile 

drop method was used with a constant droplet volume of distilled water (RS PRO 5 L 

Jerrycan Deionized Water). 

 

4.2.3 Roughness (Sa) measurement 

Roughness may be an important factor influencing marine biofouling, therefore 

each laser processed sample were evaluated using white light interferometric microscopy 

(Bruker Contour-GT white light interferometer with lateral resolution of 0.26μm and RMS 

repeatability of 0.02nm). The areal roughness (Sa) was calculated using Bruker Contour-GT 

software from 3D scans of the surface at x2.5 magnification (for hatch spacing) and x10 (for 

number of passes). The Sa is the extension of Ra (arithmetical mean height of a line) to a 

surface, which has been used in previous antifouling studies (Scardino et al., 2009). Ra has 

been a traditional measure of surface and was generally measured using a stylus devised 
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that would travel over a short straight line on the surface, whereas an instrument like the 

Bruker is making using the topography measured over a surface area. 

4.2.4 In-situ testing for marine biofilm  

These were immersed in the test site at the Royal Albert Dock, Liverpool as 

described in section 3.4.1. For further details on antifouling testing see section 3.4  (3.4.1 

for study site and 3.4.2 for experimental set up). 

Table 4.1 Exact dates of experiments 

 

 

 

4.2.5 Data collection  

  Data was collected as outlined in section 3.5 (3.5.1 biofilm settlement, 3.5.2 Biofilm 

position on patterns). 

4.2.7 Statistical analysis  

   Data were analysed as outlined in section 3.5.2 . Statistical analysis of the data 

collected was carried out in IBM SPSS Software. Regressions of various curve shapes were 

used to find the best fit for the roughness, contact angle and settlement data. For the hatch 

treatment, zero hatch control data was omitted from the regression as a hatch of zero 

would just create a single line, rather than no laser processing at all (i.e. a control panel).  

For the topography data, a Kruskal Wallis test was carried used to test for significant 

difference between marine biofilm settlement on hatch spacing patterns. A one-way 

ANOVA was used to test for significant difference between marine biofilm settlement on 

the topographies produced by the number of passes treatment. Post hoc Dunnets T3 test 

was also used on all experiments.  

Experiment Date submerged Date removed 

Passes treatment 05.07.2017 23.10.2017 

Hatch Treatment 23.10.2017 30.10.2017 
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4.3 Results 

 

  There was not a significant difference in settlement between blocks for both the 

number of passes experiment (F(4,23)=0.295. p=0.878), and the hatch spacing experiment 

(F(4,23)=0.142, p=0.972), therefore blocks were ignored in further statistical testing. 

4.3.1 Effect of Laser Parameters on Surface 

4.3.1.1 Topography  

 

  3D topographic scans were taken of the laser-processed surfaces using white light 

interferometry (Bruker) for the number of passes treatment (Figure 4.1) and the hatch 

spacing treatment (Figure 4.3). Measurements for maximum depth (the lowest point of 

a surface below original surface) and maximum peak (the highest point of a surface 

below original surface) were taken for each pattern from the 3D topographic scans.  
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 Figure 4.1 Scans of laser textures surfaces for number of passes treatment using (A) White light interferometer 

scans before submersion and (B) Zeiss AX10 microscope image after submersion. 
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 As the number of passes increases the clarity of the pits seen in Figure 4. 1 was 

reduced. The circular peaks pattern created by 1 pass, becomes less clear at 10 passes, and 

then by 100 passes the distinct pattern is no longer visible.  

 There was a significant relationship between the number of laser passes and depth 

of pattern (F(1,12)=5.505, p=0.039). The R2 value was 0.334 therefore, about 33.4% of the 

variation in the depth data is explained by number of passes. There was a positive but mild 

relationship between number of laser passes and depth of pattern (Figure 4.2a).  

  There was not significant relationship between the number of laser passes and 

peaks of pattern (F(1,12)=0.125, p=0.73; Figure 4.2b). This was also not significant when 

tested without the control (0 passes of the laser, F(1,8)=4.26, p=0.79). 
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Figure 4. 2 The relationship between the number of passes of the laser and (a) depth of the surface topography and 

(b) peaks of the surface topography.  
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Figure 4.3 Scans of laser textures surfaces for hatch spacing treatment using (A) White light interferometer 

scans before submersion and (B) Zeiss AX10 microscope image after submersion. 

  As the hatch spacing increases there is more free space and unprocessed metal 

material in between the hatch lines (Figure 4.3). 
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250 μm hatch 
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4.3.1.2 Contact angle and Roughness 

 There was a significant relationship between the number of laser passes and 

roughness F(2,22)=20.791, p < 0.001). The R2 value was 0.634 therefore, 63.4 % of the 

variation in the roughness data is explained by number of passes. There is a strong positive 

relationship between number of laser passes and roughness (Figure 4.4a). The regression 

equation may not be useful for making predictions since the value of r2 is mid range.  

  There was a significant relationship between the hatch spacing and roughness 

(F(2,22)=14.62, p=0.001). The R2 value was 0.709 therefore, about 71% of the variation in the 

contact roughness data is explained by hatch spacing. There is a positive strong relationship 

between hatch pacing and roughness until around 500um and then the relationship peaks 

and becomes a strong negative relationship between hatch spacing and roughness (Figure 

4.4b). The regression equation may be useful for making predictions since the value of r2 is 

close to 1.  

  There was a significant relationship between the number of laser passes and 

contact angle (F(2,22)=9.676, p=0.001). The R2 value was 0.468 therefore, about 46.8% of the 

variation in the contact angle data is explained by number of passes. There was a positive 

but mild relationship between number of laser passes and contact angle (Figure 4.4c). The 

regression equation may not be useful for making predictions since the value of r2 is mid 

range. 

 There was a significant relationship between hatch spacing and contact angle 

(F(1,14= 42.076, p<0.001; Figure 4.4d). The R2 value was 0.808 therefore, 80.8 % of the 

variation in the contact angle data is explained by hatch spacing. There is a positive and 

strongly increasing relationship between hatch spacing and contact angle. 
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 There was a significant relationship between the roughness and contact angle for 

the number of passes treatment (F(1,23)=51.038, p<0.001). The R2 value was 0.699 therefore, 

69.9% of the variation in the contact angle data by roughness. There is a positive strong 

relationship between contact angle and roughness (Figure 4.4e). The regression equation 

may be useful for making predictions since the value of r2 is close to 1.  

  There was not a significant relationship between the roughness and contact angle 

for the hatch spacing treatment (F(1,11)=3.845, p=0.078; Figure 4.4f). 
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Figure 4.4 Relationships between;  roughness (Sa) and (a) number of passes of the laser (b) hatch spacing; contact angle 

and (c) number of passes of the laser and (d) hatch spacing; and contact angle and roughness for (e) number of passes 

treatment and (f) hatch spacing treatment. 
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4.3.2 Effect of surface on biofilm settlement 

4.3.2.1 Topography  

 

  A one-way ANOVA test showed that there was a statistically significant difference 

in biofilm settlement between the different passes treatments (F(4) = 197.5, p <0.01; Figure 

4.5). Dunnetts T3 post hoc test revealed that all laser processed micro-topographies (from 

1 pass to 100 passes) had significantly less settlement than the control (P<0.001). Control 

samples which had no passes of the laser had significantly higher settlement of biofilm 

(mean = 1650.6, SE= 182.5) than laser textured patterns (1 pass: mean = 593.2.6, SE= 81.7; 

10 passes: mean = 165.8, SE= 16.28; 50 passes: mean =  49.8, SE= 10.63; 100 passes: mean 

= 92, SE= 15.4; Figure 4.5). There was not a significant difference between 50 and 100 

passes (50 passes: mean =  49.8, SE= 10.63; 100 passes: mean = 92, SE= 15.4; p=0.348).  
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 There was a statistically significant difference in settlement of marine organisms 

between the different hatch treatments (χ2
(3) = 14.143, p = 0.003; Figure 4.6). Dunnetts T3 

post hoc test revealed 250µm hatch spacing (median = 88, LQ = 84, UQ = 252) had 

significantly less settlement than all of the other micro-topographies (control: median = 

840, LQ = 748, UQ = 848; 500 µm: median =656, LQ = 616, UQ = 772;   750 µm: median 

=672, LQ = 596, UQ = 732; p<0.001). There was no difference in settlement between 

control (median = 840, LQ = 748, UQ = 848) and  500 µm hatch spacing (median =656, LQ = 

616, UQ = 772, p=0.127), control and 750µm (median =672, LQ = 596, UQ = 732; p=0.171) 

and between 500 µm hatch spacing (median =656, LQ = 616, UQ = 772) and 750 µm hatch 

spacing (median =672, LQ = 596, UQ = 732; p=1). 
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Figure 4.5 The number of individual marine organisms settled across laser processed surfaces with a varying number of 

passes; none (control), 1 pass, 10 passes, 50 passes and 100 passes. A, B and C represent significant differences between 

groups. 
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4.3.2.2 Contact angle, roughness and laser parameters 

 

  There was a significant relationship between the contact angle and settlement for 

number of laser passes treatment (F(2,22)=29.9, p <0.001) .The R2 value was 0.7311 

therefore, 73.11% of the variation in the settlement data is explained by contact angle. 

There was a strong negative relationship between settlement and contact angle (Figure 

4.7a). The regression equation may be useful for making predictions since the value of r2 is 

close to 1. 

  There was a significant relationship between the contact angle and settlement for 

hatch spacing treatment (F(1,10)=80.1, p <0.001). The R2 value was 0.889 therefore, 88.9% of 

the variation in the settlement data is explained by contact angle. There was a strong 

positive relationship between contact angle and settlement (Figure 4.8a). The regression 

A 

Figure 4.6 The number of individual marine organisms settled across laser processed surfaces with a hatch 

spacing of 250, 500 and 750 µm.  The control surface is not laser processed. Solid horizontal bars = statistically 

different groups. A, B and C represent significant differences between groups. 

A 
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equation may be useful for making predictions since the value of r2 is close to 1. The control 

for this regression was omitted as a hatch spacing of 0 is a straight line, therefore there 

cannot be a hatch spacing 0 measurement.  

     There was a significant relationship between the roughness and marine biofilm 

settlement for the number of passes laser treatment (F(1,22)=117.8, p<0.001). The R
2 

value 

was 0.843 therefore, 84.3 % of the variation in the settlement data is explained by 

roughness. There was an exponentially decreasing relationship between number of 

roughness and biofilm settlement for the number of passes treatment (Figure 4.7b). The 

regression equation may not be useful for making predictions since the value of r2 is close 

to 1. 

    There was not a significant relationship between the roughness and marine biofilm 

settlement for the hatch spacing treatment (F(1,13)=1.521, p=0.239; Figure 4.8b). 

  There was a significant relationship between the number of laser passes and 

marine biofilm settlement (F(2,23)=19.833, p<0.001). The R2 value was 0.474 therefore, 

47.4% of the variation in the settlement data is explained by number of passes. There is a 

mild exponentially decreasing relationship between number of laser passes and settlement 

(Figure 4.7c). The regression equation may not be useful for making predictions since the 

value of r2 is close to mid range. 

  There was a significant relationship between hatch spacing and marine biofilm 

settlement (F(1,14)=49.058, p<0.001). The R2 value was 0.7905 therefore, 79.05% of the 

variation in the settlement data is explained by hatch spacing. There is positive increasing 

relationship between hatch spacing and settlement (Figure 4.8c). The regression equation 

may be useful for making predictions since the value of r2 is close to 1. The control for this 

regression was omitted as a hatch spacing of 0 is a straight line, therefore there cannot be 

a hatch spacing 0 measurement. 
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Figure 4.7  Relationships between settlement of marine biofilm and surface parameters; (a) contact angle (b) 

roughness and (c) topography for the number of passes experiment. 
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Figure 4.8  Relationships between settlement of marine biofilm and surface parameters; (a) contact angle (b) 

roughness and (c) topography for the hatch spacing experiment. 
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4.4 Discussion 

  The aim of the study was to determine the effect of laser surface micro-texturing of 

metal as antifouling on biofilm settlement under alteration of surface properties (contact 

angle, roughness, laser passes and hatching). It was found that the number of passes 

treatment, and the hatch spacing treatment alter the surface of the metal in different 

ways, as the number of passes had strong links with the roughness and contact angle and 

the hatch spacing treatment with topography. In turn, it is these parameters in which have 

been contributing to the antifouling properties found on the laser textured surfaces.  

4.4.1 Effect of the laser parameter on surface  

  Two different laser parameters were used throughout this study, the number of 

passes treatment and the hatch spacing treatment.  

4.4.1.1 Topography 

  For number of passes treatment, it was found that the depth of the resulting 

topography increased with the number of passes of the laser. Other studies have found 

that depth does not increase at a proportionate rate to the number of passes (Li and 

Ananthasuresh, 2001). This study found that there was a relationship between depth and 

the number of passes, however after a certain amount of passes depth will not increase 

anymore. This may be because it reaches a constant depth where by increasing the number 

of passes will have no effect on depth. This trend has been found in previous studies (Li and 

Ananthasuresh, 2001) and can be explained by the lack of focus of the laser beam at 

different depths. The laser set up in this study did not allow for the variation in focus at 

varying depths, to increase depth further the focus of the beam would need to be reset 

along  the Z axis. 
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   Although the depth of the topography increased with the number of passes of the 

laser the preciseness of the features on topographical pattern faded. For other surface 

modification techniques the preciseness of the surface features have been altered to 

specifically target biofouling species Ulva (2µm) and barnacle cyprid (20µm) (Schumacher 

et al., 2007a, Estes, 2005). However, this would not be possible for a surface using laser 

surface texturing, as the distinct features faded with increased number of passes. As the 

number of passes increased, the depth of the topography increased, but the surface 

features went from a distinct, reproducible micro-topography surface (1 pass) to random 

and not clearly defined (50 and 100 passes). This may be because the laser spot did not hit 

the same position with each pass, as there was not a direct synchronisation between the 

beam scanner and the pulsing of the laser (Figure 4.9). Therefore, the laser spots spread 

out resulting in non-distinct irregular micro-topographies for 50 and 100 passes, rather 

than deeper, regular topographies as anticipated.  

 

 

Figure 4.9  A schematic illustration of laser pulses in relation to the number of passes of the laser on a single 

hatch line.  

For the hatch spacing treatment, the resulting topographies were in line with the 

laser parameter setting. This is because the width of micro-topography is easily controlled 
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using hatch spacing function and can be accurate down to 0.01 mm. Therefore, this was 

easily programmable into the laser software, and resulted in distinct crosshatch micro-

topographies. Although width can be controlled, and the number of passes of the laser can 

act as a proxy for depth, the resulting topographies of different aspect ratios may not be 

similar as the synchronisation of the beam alters the reproducibility of creating the same 

pattern at different scales.  

4.1.1.2 Roughness and contact angle 

 

 Increasing the number of passes of the laser increased the roughness of 

the surface. This trend has also been found in previous studies (Lee et al., 2008). This trend 

may be occurring because the number of passes increases the melt and re-solidification 

that produces fine ridges and random structures, as there is little control over the 

behaviour of the re-solidified material. When a laser spot hits the surface, ablation of the 

substrate at the centre of the laser spot occurs by direct absorption of laser energy (Brown 

and Arnold, 2010). The material is vaporized and a highly directed plume of solid and liquid 

clusters of material forms at the radiated site. Towards the outside of the laser spot the 

energy is less, therefore all of the material cannot be ablated, and it is melted. The plume is 

ejected from the radiated zone, and can cause the surrounding molten surface to move in 

liquid form and re-solidify to create ripples and ridge like structures (Brown and Arnold, 

2010). Re-solidification of the material from the vapour plume can create clusters of nano-

particles which further alter the roughness of the substrate at the ablated region (Brown 

and Arnold, 2010, Semaltianos et al., 2008). This has also been observed by Razi et al., 

(2016) where the central regions of the irradiated spot had significant ablation, and 

deposited particles were observed in the periphery of the laser spot. The re-solidification 

leads to higher roughness values of the surface. With more laser passes comes more 

ablation, melt and random re-solidification opportunities for the material, therefore this 
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explains why the roughness is increased with the number of passes of the laser. This has 

also been found for other studies as the surface becomes rougher due to the thicker re-

solidified material and debris re-deposition (Lee et al., 2008). 

 Increasing the number of passes of the laser also increased the contact angle of the 

surface. It is known that laser texturing can have an effect on the wettability of the surface, 

previous studies show nanosecond laser texturing can create super-hydrophobic surfaces 

on copper and brass (Ta et al., 2015).  The results of this study are in agreement a study 

found the contact angle increased with increasing laser passes creating a hydrophobic 

surface (Bizi-Bandoki et al., 2011). Another study using laser pulses on silicone substrate 

found that laser texturing can increase the contact angle by over half, changing it from a 

hydrophilic to a hydrophobic surface (Wang et al., 2009). This increase in contact angle by 

increasing the number of passes may be due to the increase in roughness of the surface. 

The contact angle of roughened surfaces have been studied extensively and are thought to 

be intertwined (Bhushan et al., 2007, Marmur, 2003, Lafuma and Quéré, 2003, Bico et al., 

2002, Gao and McCarthy, 2006).  The Cassie-Baxter model predicts that air pockets form 

between the roughness peaks of the surface, and become trapped below the droplet of 

water, therefore the water droplet beads up and has hydrophobic properties as it is sitting 

on an interface of solid, liquid and air (Cassie and Baxter, 1944, Reyssat et al., 2006, Choi et 

al., 2009, Bormashenko, 2008). This type of behaviour is found across a range of micro-

textures found in nature such as lotus leaf (Ensikat et al., 2011, Cheng and Rodak, 2005). 

This is what may be happening at the interface of the surfaces in the number of passes 

treatment. The increasing number of passes cause a larger re-melt and re-deposition of the 

material, which increases the roughness of the surface, which in turn increases the air 

entrapment, which leads to increases contact angles. 
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  The increase in hatch spacing treatment found an increasing relationship 

with roughness, to when hatch spacing was 500μm, then roughness decreases with further 

increases to hatch spacing. The roughness of the surface may have increased with smaller 

hatches, as areas of the surface will have been ablated, re-solidified and debris re-

deposition may have occurred leading to increase in roughness (Razi et al., 2016; Lee et al., 

2008). However, once the hatch spacing was above 500μm, the amount of “free space” 

that had not been laser processed may have been larger than the laser processed areas, 

leading to smoother Sa values. Therefore, the roughness decreased as hatch spacing 

became larger past 500 μm, as the amount of unprocessed area increased.  

  The relationship between hatch spacing and CA is increasing, and does not follow 

the relationship between roughness and hatch spacing. This may be because although CA 

and roughness are thought to be interlinked, it may not always be the case  as other 

studies have also found that surface roughness was found not to influence measured 

contact angles (Busscher et al., 1984). In this study, the 250μm micro-topography had a low 

roughness value and had hydrophilic contact angles of <50 °. Roughness may not fully 

explain the contact angle results for hatch spacing as the hatch 250µm and 750µm have 

similar roughness values but different contact angles.  This may be explained by the Wenzel 

model (Wenzel, 1936), in which there are no trapped air pockets, and the liquid spread out 

amongst the small gaps caused by roughness, and therefore the contact angle is lower.  

Although 250μm and 750μm have similar roughness values, one surface may be exhibiting 

the Cassie-Baxter effect and the other the Wenzel effect therefore this may be causing the 

difference in contact angle. The topography may also play a role in the contact angle 

measurements.  

 Overall, the process parameters (number of passes and hatch spacing) have varying 

relationships with depth, roughness, contact angle and topography. Depth, the surface 
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roughness and contact angle have strong relations with the number of passes parameter, 

whereas the hatch spacing treatment has a more complex relationship with contact angle 

and roughness. However, both treatments highlight the interlinking between contact angle, 

roughness and topography.  

4.4.2 Effect of surface on biofilm settlement 

4.4.2.1 Passes of the laser treatment 

  Increasing the number of passes of the laser reduced the settlement of marine 

biofilm. The relationship between number of passes and biofilm settlement became 

constant at 50 passes, as increasing the passes to 100 did not further reduce biofilm 

settlement. This trend found between the passes of the laser and settlement occurred 

because increasing the number of passes of the laser, also increased the roughness and the 

contact angle of the laser, and therefore these parameters effected the settlement of 

marine biofilm.  

 Increasing the number of passes of the laser, increased the roughness of the 

surface, and this had an effect on the settlement of marine biofouling. A similar study on 

marine biofouling organism Ulva also found a decreasing linear relationship between 

engineered roughness index and the settlement of Uvla spores (Schumacher et al., 2007). A 

decreasing exponential relationship between biofilm settlement roughness has also been 

found when analysing data roughness and settlement data from electro-polished stainless 

steel when tested with two different bacteria species (Wu et al., 2018). Roughness may not 

be the sole parameter that is causing the reduction of settlement in this study, as 

previously discussed; roughness and contact angle are interlinked. In this study increasing 

the number of passes of the laser is increasing the roughness of the surface, which is then 

increasing the contact angle of the surface, and combined, this is reducing the settlement 

of marine biofilm.  This can be explained by air entrapment theory (Wu et al., 2013) which 

suggests that the trapped air bubbles, that cause the higher contact angles seen in the 
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Cassie-Baxter model (Cassie, 1948) may also be limiting the settlement of marine biofouling 

(Wu et al., 2013). They limit the  settlement of marine biofouling by reducing the surface 

area interaction between the biofouling organism and the substrata (Wu et al., 2013). If the 

size of the air bubbles are larger than the biofouling organism, the organism cannot settle, 

as surface area contact is limited (Wu et al., 2013).  This may not be in agreement with all 

authors as it there may be disagreements over the wettability of a fully submerged surface, 

however, Wu et al (2013) showed that their surface were immersed for a 6 hour period and 

still had micro-scale air pockets where no further wetting occurred. Therefore, Wu et al., 

(2003) study was evidence that air entrapment is occurring on these surfaces, which may 

be leading to the antifouling effects. 

4.2.2.2 Hatch spacing treatment  

  As the hatch spacing increased from 250μm to 500 and 750μm the settlement of 

marine biofilm increased. It was found that only one topographical pattern 250μm hatch 

reduced marine biofilm. As 250μm was the only topography found to reduce biofouling 

compared to the control, it may have been reasonable to suggest that the air entrapment 

theory may be happening on this topography also, however, this is unlikely as 250μm had 

low contact angle values therefore air bubbles may not have been present. For the hatch 

spacing treatment, roughness and contact angle do not appear to be closely interlinked. 

Similar results have been found for previous studies in that surfaces with the same 

roughness value have exhibited contact angles that differ by 30° (Jopp et al., 2004). 

Therefore, roughness and contact angle do not explain the antifouling results seen on 

250μm pattern. 

  The reduction in biofouling on the 250μm may have been a direct result of the 

topographical features (peaks, dips and flat areas) and can be explained by diatom 

attachment theory (Scardino et al., 2006, Scardino et al., 2008). As the 250μm pattern has 

smallest hatches, the amount of “free space” in which marine biofouling can settle without 
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the disruption of their attachment points was limited (Scardino et al., 2006, Scardino et al., 

2008). The topographical features of the 250μm pattern was limiting the attachment points 

of biofouling organisms, therefore leading to reduced marine settlement (Scardino et al., 

2006, Scardino et al., 2008).  On the 500μm and 750μm patterns, the amount of “free 

space” in which marine organisms can attach with multiple, undisrupted attachment points 

was greater, leading to increased settlement of marine biofouling. Therefore, unlike the 

passes treatment where the antifouling effects were a result of roughness and contact 

angle alternations to the surface, the antifouling effects seen on hatch spacing treatment 

250μm may have been largely influenced topographical features. This study highlights that 

roughness, topography, and contact angle are all interlinked, and are all be contributing to 

the overall antifouling effect (figure 4.10). 
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Figure 4.10 Flow chart of key findings of this study 
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4.5 Conclusions 

  Overall, this study demonstrates that is it possible to produce laser-processed 

micro topographies onto stainless steel (316L) that have marine antifouling properties. The 

number of passes of the laser and the hatch spacing’s are key variables that can be 

controlled in the production of the micro-topographies. Hatch spacing around 250 µm had 

an effect on the settlement; however, larger hatch spacing did not provide any antifouling 

properties. Increasing the number of passes reduced settlement, until an asymptote was 

reached at 50 passes where further increasing passes had no further effect on the 

settlement. A combination of surface topography, roughness, and wettability may play 

intertwining roles in the antifouling properties of a surface. Laser surface texturing was 

successful as a tool to create antifouling surfaces against marine biofilm. Laser processed 

antifouling topographies are not species specific and therefore may be the best approach 

for a widely effecting antifouling surfaces.  
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Chapter 5 Biomimicry: Investigating single feature biomimetic patterns for their antifouling 

effect 

5.1 Introduction  

  Biomimicry (bio- meaning life in Greek, and -mimesis, meaning to copy) is a 

modern scientific discipline in which biological systems are studied and concepts are 

mimicked and adapted to solve human based problems (Benyus, 1997, Lurie-Luke, 2014).  

 Material development has become the largest area of biomimicry research, with 

approximately 50% of all reviewed references about the topic (Lurie-Luke, 2014). In the 

context of marine biofouling, biological surfaces within the marine environment have been 

studied for bio-inspiration in their response to biofouling (e.g. Pilot whale Globicephala 

melas (Baum et al.,  2002) and sea stars Cryptasterina pentagona and Archaster typicus 

(Guenther and de Nys 2007). The most commonly studied biological surface for antifouling 

potential is that of the spinner shark, which lead to the production of Sharklet™ surface 

topography that has now become commercial as it is used on catheter tubes to reduce 

biofilm (May et al.,  2015, Reddy et al.,  2011).   

  However, it has also been found that structures on shell surfaces also have anti-

fouling effects. A study on Mytilus galloprovincialis and Pinctada imbricate  found that 

shells were largely unfouled despite strong fouling pressure (Scardino et al.,  2003). They 

also found that there was a strong correlation between low level of fouling and the 

presence of an intact periostracum (outer layer) of the shell. This leads to the conclusion 

that the micro-topography on the periostracum of the shell is playing a role in that natural 

defence of biofouling (Scardino et al.,  2003). The use of micro-topographies as antifouling 

method on shells is highly probable as they are hard surfaces that do not have obvious 

chemical or mechanical defences against fouling (Bers et al.,  2010). A study has been 

performed investigating algae and barnacle fouling on a shell micro-topography of the 
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mussel M. edulis, where fouling was compared on the micro-topography area of the shell 

and on a smooth area where the micro-topography pattern was physically removed. It was 

found that fouling was significantly greater on areas of shell where the micro-topography 

had been physically removed (Wahl et al.,  1998).  

 Similarly to shells, many crabs are little fouled in nature. It has been found that the 

natural micro-topography of the crab Cancer pagurus is repellent to macrofoulers (Bers and 

Wahl, 2004), showing that crabs may be a suitable marine organism to mimic for their 

antifouling effects. Fouling on the horseshoe crab  (Limulidae sp.) is low considering their 

life span, therefore the natural defence mechanism of a micro topographical surface is 

working on by keeping the horseshoe crab fouling low (Patil and Anil, 2000). 

  The creation of biomimetic surfaces for antifouling potential have already been 

undertaken in various surface modification methods such as photolithographic techniques 

(Schumacher et al.,  2007b), hierarchically wrinkled surface topographies (Efimenko et al.,  

2009), casting directly off marine organisms (Bers and Wahl, 2004), laser surface texturing 

(Rusen et al.,  2014, Scardino et al.,  2006b) and laser surface texturing with added coatings 

(Sun et al.,  2018). The methods of photolithography, wrinkled surfaces, and casting directly 

off marine organisms are limited in that they are only able to be used on polymer 

substrates such as Polydimethylsiloxane elastomer (PDMS) and epoxy resin. Whereas, laser 

surface texturing enables micro-textures to be created on both polymer (PMDS) substrate  

(Scardino et al.,  2006b) and on metal substrates (Rusen et al.,  2014) for antifouling 

potential. Therefore, creating a topography using laser surface texturing allows for a more 

universal approach, as the substrate material is not limited, and may have a wider 

industrial application.  

  The majority of the previous studies investigating biofilm settlement on biomimetic 

surfaces are lab based (Hoipkemeier-Wilson et al.,  2004, Schumacher et al.,  2007a, 
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Schumacher et al.,  2007b, Chung et al.,  2007, Carman et al.,  2006, Schumacher et al.,  

2008, Chen et al.,  2015, Scardino et al.,  2006b, Rusen et al.,  2014) and report a reduction 

in settlement of fouling after conducting fouling assays using one or two individual species 

compared to a smooth control. However, the present study is the first to test laser 

produced biomimetic antifouling surfaces on marine grade steel directly in the marine 

environment. This is important, as there is no known control of the species present in the 

water column, as it is a fully natural environment, therefore will produce a real world 

results rather than lab based (within the limitation of the field site discussed in section 

3.4.1). This study aims to (a) use laser surface texturing to create biomimetic crab and shell 

surfaces on marine grade steel and (b) to determine the efficacy of these surfaces for their 

antifouling potential in the marine environment.  

5.2 Methods 

  The methods of the chapter are broken up into two sections with 5.2.1 creating the 

natural patterns and with 5.2.2 antifouling efficacy testing the natural patterns.  

5.2.1 Creating biomimetic patterns on marine grade steel 

5.2.1.1 Sampled species for pattern reproduction 

 Various natural surfaces were investigated during this study, shown in Table 5.1 

(crabs) and Table 5.2 (shells). A 3D topographical microscope was used to scan natural 

surfaces directly. Preserved crabs were taken from LJMU storage for scanning, and juvenile 

shells were collected from Thurstaston Beach, Wirral, UK. In total 3 crab species were used; 

Shore Crab Carcinus maenas, Edible Crab Cancer pagurus and Velvet swimming crab 

Necora puber and one bivalve species common cockle Cerastoderma edule. The scans were 

taken from randomly selected areas of the carapace of the crab and from randomly 

selected areas of the shells. Preserved carapace of shore crab was compared with freshly 

deceased carapace of shore crab (Table 5.1) and similar measurements were gained from 
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both freshly deceased and preserved specimens, therefore, for other species, preserved 

carapace were chosen. 

Table 5.1 Images and features from topographical scans of crab species (lines on images are where cross-

sections have been drawn for measuring purposes. 

Crab 3D topographical microscope scan image Features 

Shore crab 
 
Carcinus 
maenas  
(alive) 

 

 Raised hills (peaks) 
approximately 30 
µm 

 Lower valley 
between peaks 
(pits). 

 Randomly arranged 

 Likely to be able to 
be replicated using 
laser surface 
texturing. 

 Shore crab 
Carcinus 
maenas 
(preserved) 

 

 Raised hills (peaks) 
approximately 20 
µm.   

 Lower valley 
between peaks 
(pits). 

 Randomly arranged 

 Likely to be able to 
be replicated using 
laser surface 
texturing. 

 

Edible crab 
Cancer 
pagurus 

 

 Raised hills (peaks) 
approximately 30 
µm.  

 Lower valley 
between peaks 
(pits). 

 Randomly arranged 

 Likely to be able to 
be replicated using 
laser surface 
texturing. 
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Velvet 
swimming 
crab 
Necora 
puber 

 

 Raised thin hair like 
structures 
approximately 
100µm. 

 Randomly arranged 

 Linearly arranged, 
seem to be in rows. 

 Unlikely to be able 
to be replicated 
using laser surface 
texturing. 

 

  The edible crab C. pagurus and shore crab C. maenas have similar topographies 

(see table 5.1) which can be replicated using laser processing. The velvet swimming crab N. 

puber  has an interesting hair like structure on the top of the surface, however these are 

unlikely to be able to be replicated using laser processing due to the length and fineness of 

the structure. The common features that can be drawn from the table are peaks, between 

20-30µm which are common to the surface of both shore and edible crab. These peaks are 

accompanied by pits either side where the topography becomes lower and valley like.  It is 

these peaks and pits that can be mimicked using laser processing.  
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Table 5.2  Images and features from topographical scans using bivalve species Cerastoderma edule (lines on 

images are where cross-sections have been drawn for measuring purposes). 

Species Image Features 

Cockle 
 
Cerastoderma 
edule 

 

 Focus on the 
top right 
hand side. 
Rest of image 
not in focus 
due to 
curvature of 
the shell. 

 Focus in this 
image is on 
the small 
ridges within 
the larger 
ridge. 

Cockle 
 
Cerastoderma 
edule 

 

 Cross section 
of line drawn 
on image 
above (small 
ridges). 

 Measurement 
of peaks 
where they 
can be 
smallest of 
41um and 
largest of 
102um 

Cockle 
 
Cerastoderma 
edule 

 

 3D of larger 
ridges. 

Cockle 
 
Cerastoderma 
edule 

 

 Cross-
sectional scan 
of larger 
ridges.  

 Measurement 
of peaks can 
range from 
114um to 
187um. 

 Valley width 
(centre of 
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peak to peak) 
is over 1mm. 

 

 The cockle shell has both small and larger ridge topographies (see table 5.2) which 

can be replicated using laser processing. The common features that can be drawn from the 

table are peaks, between 40-100µm which are common to the surface of the cockle shell. 

These peaks are accompanied by pits either side where the topography becomes lower. 

The topographies found in both crabs (table 5.1) and shells (table 5.2) were the bio-

inspiration for the patterns created in this study. 

5.2.1.2 Reproduction of biological patterns using laser surface texturing 

 

 The main methods of this experiment follow the methods outlined in the methods 

(section 3). Laser surface texturing was used to attempt to mimic the surfaces of shore crab 

Carcinus maenas  and Cockle shells Cerastoderma edule  at the micro-scale.   
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Table 5.3 Laser parameters for the patterns created and tested  

Exp Pattern Speed Hatch 1 
(mm) 

Angle Hatch 
2 

Angle Passes kHz ns %power 

1 Crab 1 3125 0.1 135 0.1 45 20 125 30 100 

1 Shell 1 3125 0.05 135 0.05 45 20 125 30 100 

1 Crab 2 3125 0.15 65 0.02 140 5 125 30 100 

1 Crab 3 5000 0.08 135 0.08 45 10 125 30 100 

2 Crab 4 625 0.05 135 0.05 45 5 25 200 50 

2 Shell 2 625 0.15 65 0.02 140 5 25 200 50 

2 Crab 5 800 0.05 135 0.05 45 5 25 200 75 

3 Shell 3 1200 0.075 0 - - 5 25 200 50 

3 Shell 4 1200 0.1 0 - - 5 25 200 50 

3 Shell 5 1800 0.075 0 - - 5 25 200 50 

3 Shell 6 1800 0.1 0 - - 5 25 200 50 

4 Shell 7 3200 0.1 0 - - 20 25 200 75 

4 Inverse 
crab 1 

8000 0.1 0 - - 20 25 200 75 

4 Inverse 
crab 2 

8000 0.1 0 0.5 90 20 25 200 75 

4 Inverse 
crab 3 

6250 0.3 0 - - 20 25 200 75 

 

  To create biomimetic surface topographies, various parameters of the laser can be 

altered, to influence the outcome of the topography pattern. Table 5.3 show all the 

variables for the patterns created. For crab based patterns, cross hatch parameters were 

used, in which passes of the laser were angled from two different directions to “cut out” a 

peak from the surface material (Figure 5.1). The angle, power, and speed of these laser 

passes have been altered to effect the depth and pattern of the resulting topography to 

give the wanted biomimetic features.  
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Figure 5.1  A Schematic diagram showing how laser surface texturing can be used to create “peaks” and 

“valleys” on surfaces.  

  Crosshatch patterns were mainly used to create crab inspired surfaces, except for 

Shell 1 pattern in which crosshatch style was used to try and mimic both larger and smaller 

ridges within the same pattern. For most of the shell patterns, single line laser paths were 

used to mimic the single line ridge effect found on shells. For the inverse crab patterns, the 

laser spot was completely separated out by speeding up the laser (see higher speed in table 

3) therefore, individual laser spots could be “drilled” into the surface, as a reverse “peak”. 

This type of approach was inspired by the casting studies that had successfully mimicked 

crab surfaces (Chen et al.,  2010, Scardino and de Nys, 2004).  

5.2.1.3 Surface characterization  

  Once surfaces were created, they were scanned using a 3D microscope (BRUKER) 

to assess their topography in relation to biomimetic structures; depth and width of surface 

patterns were recorded.  

5.2.2 Antifouling efficacy testing of surfaces 

  The experiments were submerged during March to June 2017 for a 7 day period, 

exact date shown in table 5.4. For further details on antifouling testing see section 3.4  

(3.4.1 for study site and 3.4.1 for experimental set up).  

Laser track 

Laser track 
Raised peak formation 

(a) Laser programme (b) After laser processing 

Lowered valley formation 
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  Biofilm settlement data was collected as outlined in section 3.5 (3.5.1 biofilm 

settlement, 3.5.2 Biofilm position on patterns). This data was analysed as outlined in 

section 3.5.2 Statistical analysis. 

Table 5.4 Exact dates of experiments 

Experiment 

number 

Date submerged Date removed Surfaces tested 

1 13.03.2017 20.03.2017 Crab 1, Shell 1, Crab2 , Crab 3 

2 20.03.2017 27.03.2017 Crab 4, Shell 2, Crab 5 

3 10.04.2017 17.04.2017 Shell 3, Shell 4, Shell 5, Shell 6 

4 22.06.2017 29.06.2017 Shell 7, Inverse crab 1, Inverse 

crab 2, Inverse crab 3 

 

5.3 Results  

  There was not a significant difference in settlement between blocks for all 

experiments in this chapter (experiment 1, F(4,24)=0.474, p=0.754; experiment 2, 

F(4,19)=0.750, p=0.573; experiment 3, F(4,24)=0.422, p=0.791; experiment 4, F(4,24)=0.481, 

p=0.750), therefore blocks were ignored in further statistical testing. 

5.3.1 Surface topography 

  Biomimetic surfaces were created via laser surface texturing of marine grade 

stainless steel (316L). Both crab (table 5.5) and shell (table 5.6) based surfaces were able to 

be created.  
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Table 5.5 Crab and inverse crab based biomimetic patterns created by laser surface texturing. 

Pattern Topographical (Bruker) image Microscope image (Zeiss) 

Crab 1 

 

 

Crab 2 

 

 

Crab 3 

 

 

Crab 4 

 

 

200 µm 

200 µm 

200 µm 

200 µm 
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Crab 5 

 

 

Inverse 
crab 1 

 

 

Inverse 
crab 2 

 

 

Inverse 
crab 3 

 

 

 

 

 

 

200 µm 

200 µm 

200 µm 

200 µm 
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Table 5.6 Shell based biomimetic patterns created by laser surface texturing 

Pattern Topographical (Bruker) image Microscope image (Zeiss) 

Shell 1 

 

 

Shell 2 

 

 

Shell 3 

 

 

Shell 4 

 

 

200 µm 

200 µm 

200 µm 

200 µm 
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Shell 5 

 

 

Shell 6 

 

 

  

  

 

 

 

 

 

 

 

 

200 µm 

200 µm 
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  The laser parameters used in this study resulted in the output of 15 biomimetic 

surfaces; 5 crab surfaces, 3 inverse crab surfaces and 6 shell based surfaces. Bruker images 

showed surfaces depth and width of laser area (μm), which is shown in table 5.7. 

Table 5.7 Depth and width of laser processed features of surfaces in this chapter 

Surface Name Depth (μm) Width Of 
Laser Area 
(μm) 

Experiment 

Crab 1 -18 26.2  
           1  Shell 1 -20 18.6 

Crab 2 -11 34.2 

Crab 3 -7 34.1 

Crab 4 -21 16.5  
           2 Shell 2 -19 31.4 

 Crab 5 -37 34.4 

Shell 3 -7 51.2  
           3 Shell 4 -7 53.4 

Shell 5 -17 15.6 

Shell 6 -20 16.6 

Shell 7 -14 35.6  
           4 Inverse Crab 1 -11 39.4 

Inverse Crab 2 -16 19.6 

Inverse Crab 3 -22 54.2 

       

5.3.2 Biofilm settlement 

  There was a significant difference in the settlement of biofilm across control and 

biomimetic micro-textured patterns (Experiment 1: χ2 (4) = 18.8, p= 0.001; Experiment 2: 

χ2
(3)=13.5, p=0.004; Experiment 3: χ2 (4)=12.432, p=0.014; Experiment 4: F(23) =11.3 p<0.001, 

Figure 5.2). Control samples in experiment 1 had significantly higher settlement of biofilm 

(median = 3208, LQ = 2612, UQ = 3432) than biomimetic laser textured patterns (Crab 1: 

median = 84, LQ = 80, UQ = 136, p=0.002; Shell 1: median = 460, LQ = 436, UQ = 488, 

p=0.003; Crab 2: median = 60, LQ = 36, UQ = 64, p=0.001; Crab 3: median = 100, LQ = 92, 

UQ = 200, p=0.002, figure 5.2a). Post hoc tests did not reveal any significant difference 

within experiment 2 (median = 6052, LQ = 4440, UQ = 10780; Crab 4: median = 156, LQ = 

108, UQ = 224, p=0.092; Shell 2: median = 316, LQ = 212, UQ = 356, p=0.095; Crab 5: 
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median = 92, LQ = 88, UQ = 180, p=0.091, figure 5.2b). Control samples in experiment 3 had 

significantly higher settlement of biofilm (median = 9572, LQ = 3540, UQ = 13080) than 

biomimetic laser textured patterns (Shell 3: median = 64, LQ = 56, UQ = 68, p=0.001; Shell 

4: median = 88, LQ = 72, UQ = 108, p=0.001; Shell 5: median = 68, LQ = 40, UQ = 84, 

p=0.001; Shell 6: median = 92, LQ = 48, UQ = 152, p=0.001, figure 5.2c). Control samples in 

experiment 4 had significantly higher settlement of biofilm (median = 19892, LQ = 12740, 

UQ = 23924) than biomimetic laser textured patterns (Shell 7: median= 252, LQ= 224, UQ= 

344, p<0.001; Inverse crab 1: median= 200, LQ= 224, UQ= 208, p<0.001; Inverse crab 2: 

median= 104, LQ= 64, UQ= 204, p<0.001; Inverse crab 3: median= 10720, LQ= 6256, UQ= 

12820, p=0.029, figure 5.2d). No significant differences were found between biomimetic 

patterns except for Shell 1 (median= 460, LQ= 436, UQ= 488) which has significantly higher 

biofilm settlement than Crab 2 (median= 60, LQ= 36, UQ= 64, p=0.006) and Crab 3 (median 

= 100, LQ = 92, UQ = 200, p=0.021).  
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Figure 5.2 The settlement of biofilm [median ± quartiles] settled across biomimetic micro-textured patterns 

where (a) is experiment 1, (b) is experiment 2, (c) is experiment 3 and (d) is experiment 4. Overall statistical test 

is displayed on figure, A, B and C represent significant differences between groups in post hoc tests.  

 

5.3.3 Position 

  PERMANOVA was used to analyse the relationship between settlement and the 

position of settlement and found there was significant differences in settlement of 

individuals between patterns in relation to position (Experiment 1, Pseudo F=15.848, 

p=0.0001; Experiment 2, Pseudo F=7.3795, p=0.0006; Experiment 4, Pseudo F= 13.436, 

p=0.0001; Figure 5.3i). There was not a significant difference in settlement of individuals 

between patterns in relation to position for shell inspired patterns tested in experiment 3 

(Pseudo F=1.48 , p=0.195). For the experiments in which there was a significant difference 

in the settlement of settlement (experiment 1, and 3), it was found that position 1 and 2 

were most important in explaining the variance in the settlement, as the lines on the PCO 

graphs (Figure 5.3a,c,d) illustrate as the v1 (position 1) and v2 (position 2) are the longest.  
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  Pairwise tests for experiment 1 showed that all patterns were significantly different 

from each other with significant differences between crab 1 and shell 1 (t=5.2596, 

p=0.007), crab 1 and crab 2 (t=4.251, p=0.012),  crab 1 and crab 3 (t=3.4802, p=0.008), shell 

1 and shell 3 (t=4.3759, p=0.006), shell 1 and crab 3 (t=3.4807, p=0.009) and crab 2 and 

crab 3 (t=2.6374, p=0.02). These significant differences are illustrated on Figure 5.3a as the 

PCO graph shows crab 1 is strongly linked to position 2 (v2; red circle) and away from the 

cluster of other surfaces; shell 1, crab 2 and crab 3. 

 Pairwise tests for experiment 2 showed that there was not a significant difference 

between crab 4 and shell 2 (t=1.7354, p=0.0859), but there were significant differences 

between crab 5 and crab 4 (t=3.2909, p=0.0076) and crab 5 and crab 4 (t=2.9524, 

p=0.0155). These significant differences are illustrated on Figure 5.3b as the PCO graph 

shows crab 4 and shell 2 are separate to crab 5. The PCO found that crab 4  and shell 2 are 

aligned within the same direction as position 1. Crab 5 pattern is spread out between 

position 1 and 2 on the PCO. Position 1 and 2 are most important in explaining the 

variances as they have the longest lines. 

  Pairwise tests for experiment 4 showed that there was a not a significant difference 

shell 7 and inverse crab 1 (t=0.458, p=0.876), but significant between shell 7 and inverse 

crab 2 (t=1.92, p=0.04), shell 7 and inverse crab 3 (t=4.47, p=0.008), inverse crab 1 and 

inverse crab 2 (t=2.1, p=0.017), inverse crab 1 and inverse crab 2 (t=4.57, p=0.007) and 

inverse crab 2 and inverse crab 3 (t=4.66, p=0.01).  These significant differences are 

illustrated on figure  5.3d as the PCO graph shows shell 7  and inverse crab 1, inverse crab 2 

and inverse crab 3.  Position 2 is most important in explaining the variances as they have 

the longest line. 
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Figure 5.3 (i) Principal Component Ordination for the settlement of biofilm settled in relation to 

position 1 (v1) position 2 (v2) and positon 3 (v3) where (a) is experiment 1, (b) is experiment 2, (c) is 

experiment 3 and (d) is experiment 4. 

(ii) The number of individuals [median ± quartiles] settled in all three positions on bio-inspired 

micro-textured patterns where (a) is experiment 1, (b) is experiment 2, (c) is experiment 3 and (d) is 

experiment 4. 
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Figure 5.3 (i) Principal Component Ordination for the settlement of biofilm settled in relation to 

position 1 (v1) position 2 (v2) and positon 3 (v3) where (a) is experiment 1, (b) is experiment 2, (c) is 

experiment 3 and (d) is experiment 4. 

(ii) The number of individuals [median ± quartiles] settled in all three positions on bio-inspired micro-

textured patterns where (a) is experiment 1, (b) is experiment 2, (c) is experiment 3 and (d) is 

experiment 4. 
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5.3.4 Position per pattern  

  Position 1 was most important in contributing to the dissimilarity in biofilm 

settlement in experiment 1 (Crab 1 and Shell 1; average dissimilarity 62.19%, position 1 

contribution, 71.51%;  Crab 1 and Crab 2; average dissimilarity 64.63%, position 1 

contribution, 30.36%;  Crab 1 and Crab 3; average dissimilarity 50.67%, position 1 

contribution, 45.31%; Shell 1 and Crab 2; average dissimilarity 51.64%, position 1 

contribution, 77.51%; Shell 1 and Crab 3; average dissimilarity 36.54%, position 1 

contribution, 65.3%; Crab 2 and Crab 3; average dissimilarity 37.38%, position 1 

contribution, 36.77%). There was a significant difference settlement in positions 1 between 

crab 1, shell 1, crab 1 and crab 3 patterns (χ² (3) = 16.553, p= 0.001). There was significantly 

more settlement in position 1 on Shell 1 pattern (median = 102, LQ =  102, UQ = 121) than 

crab 1 (median = 2, LQ =  1, UQ = 5, p<0.01), crab 2 (median = 12, LQ =  9, UQ = 14, p<0.01) 

and crab 3 (median = 21, LQ =  16, UQ = 37, p<0.01; Figure 5.4a). 

   Position 1 was most important in contributing to the dissimilarity in biofilm 

settlement in experiment 2 (Crab 4 and Shell 2; average dissimilarity 21.53%, position 1 

contribution, 67.4%; Crab 4 and Crab 5; average dissimilarity 32.08%, position 1 

contribution, 44.85%; Shell 2 and Crab 5; average dissimilarity 33.12%, position 1 

contribution, 60.93%). There was significant difference settlement in position 1 between 

crab 4, shell 2, and crab 5 patterns (Position 1; χ² (2) = 6.140, p= 0.046; Crab 4; median = 39, 

LQ =  27, UQ = 56; Shell 2; median = 79, LQ =  46, UQ = 89; Crab 5; median = 20, LQ =  18, 

UQ = 30). There was significantly more settlement in position 1 on shell 2 than crab 5 

(p=0.029; Figure 5.4b). 

Position 1 was most important in contributing to the dissimilarity in biofilm 

settlement in experiment 3 (Shell 3 and Shell 4; average dissimilarity 23.74%, position 1 

contribution, 44.67%; Shell 3 and Shell 5; average dissimilarity 28.9%, position 1 



122 
 

contribution, 45.29%; Shell 3 and Shell 6; average dissimilarity 27.07%, position 1 

contribution, 45.42%; Shell 4 and Shell 5; average dissimilarity 30.14%, position 1 

contribution, 37.1%; Shell 4 and Shell 6; average dissimilarity 27.62%, position 1 

contribution, 41.3%; Shell 5 and Shell 6; average dissimilarity 29.75%, position 1 

contribution, 51.82%). There was not significant difference settlement in position 1 

between shell 3, shell 4, shell 5 and shell 6 patterns (Position 1; χ² (3) = 5.05, p= 0.168; Shell 

3; median = 9, LQ =  8, UQ = 12; Shell 4; median = 19, LQ =  14, UQ = 20; Shell 5; median = 

14, LQ =  9, UQ = 20; Shell 6; median = 14, LQ = 8, UQ = 20; Figure 5.4c).  

Position 2 was most important in contributing to the dissimilarity in biofilm 

settlement in experiment 4 (Shell 7 and inverse crab 1; average dissimilarity 19.51%, 

position 2 contribution, 37.39%; Shell 7 and inverse crab 2; average dissimilarity 34.46%, 

position 2 contribution, 39.88%; Shell 7 and inverse crab 3; average dissimilarity 67.79%, 

position 2 contribution, 61.72%; Inverse crab 1 and inverse crab 2; average dissimilarity 

33.56%, position 2 contribution, 45.31%; Inverse crab 1 and inverse crab 3; average 

dissimilarity 66.21%, position 2 contribution, 61.08%; Inverse crab 2 and inverse crab 3; 

average dissimilarity 80.64%, position 2 contribution, 60.59%). There was a significant 

difference settlement in position 2 between shell 7,  Inverse crab 1, ,  Inverse crab 2, and ,  

Inverse crab 3 (χ² (3) = 13.674, p= 0.003; Shell 7; median = 19, LQ =  12, UQ= 29; Inverse crab 

1; median = 21, LQ =  18, UQ= 23; Inverse crab 2; median = 5, LQ =  1, UQ= 16; Inverse crab 

3; median = 2044, LQ = 922, UQ= 2573). There was significantly more settlement within 

position 2 on inverse crab 3, than shell 7 (P=0.001), inverse crab 1 (P=0.001) and inverse 

crab 2 (p=0.001; Figure 5.4d). 
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Figure 5.4 The number of individuals [median ± quartiles] settled in the most important position on bio-

inspired micro-textured patterns where (a) experiment 1, (b) experiment 2, and  (c) experiment 3 are 

position 1,  and (d) experiment and are position 2. 

(a) Experiment 1 Position 1 (b) Experiment 2 Position 1 

(c) Experiment 3 Position 1 (d) Experiment 4 Position 2 
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 5.4 Discussion 

 This study aims to (a) use laser surface texturing create biomimetic crab and shell 

surfaces on marine grade steel and to (b) determine the effects of crab and shell 

biomimetic surfaces on the settlement of marine fouling. Biomimetic surfaces were able to 

be produced directly onto marine grade steel using laser surface texturing. A total of 15 

biomimetic surfaces were created in this study; nine crab inspired surfaces and 6 shell 

inspired surfaces. Settlement of marine biofilm was reduced on all biomimetic surfaces 

compared to the unprocessed control.  

5.4.1 Surface topography 

  Fifteen biomimetic surfaces were produced in this study by using laser surface 

texturing directly onto marine grade steel. The majority of studies focusing on biomimetic 

surfaces have concentrated on the use of photolithography as a tool to produce biomimetic 

surfaces on PMDS substrata (Hoipkemeier-Wilson et al.,  2004, Schumacher et al.,  2007b, 

Chung et al.,  2007, Carman et al.,  2006, Brzozowska et al.,  2014a, Sullivan and Regan, 

2017, Schumacher et al.,  2007a, Schumacher et al.,  2008, Magin et al.,  2010a). This study 

is novel in that biomimetic surfaces were created directly onto marine grade (316L) steel 

using laser surface texturing as a tool. Previous studies used laser surface texturing to 

create biomimetic surface topographies based on Mytilus galloprovincialis and Tellina 

plicata  which were processed on PMDS substrata (Scardino et al.,  2006b).  However, this 

has not yet been achieved on marine grade steel until this study. Laser surface texturing 

has been used on other metals for antifouling effects such as Titanium alloy (Cunha et al.,  

2016), however, this study did not create biomimetic topographies. The creation of 

biomimetic surfaces directly onto marine grade steel using laser surface texturing in this 

study is important as it allows for future development of biomimetic surfaces for marine 

fouling purposes. The use of laser surface texturing as a tool to create biomimetic surfaces 
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enables these surfaces to not be limited by substrata. This means that the biomimetic 

surfaces have the potential to be used in more areas across the marine industry, than if 

they were limited in to the use of PMDS only.  

5.4.2 Biofilm settlement 

   The fifteen biomimetic surfaces were tested for their antifouling potential in the 

marine environment and all biomimetic surfaces had a reduction in settlement marine 

biofilm compared to the unprocessed control. This is in agreement with previous 

biomimetic studies on crab (Brzozowska et al.,  2014a) and shell (Scardino et al.,  2006b) 

surfaces that have also found biomimetic surfaces have reduced the settlement of fouling 

micro-organisms. Inverse crab have also previously been found to have antifouling 

properties (Chen et al.,  2015), therefore inverse crab patterns were investigated in this 

study. However, unlike previous studies (Brzozowska et al.,  2014a, Scardino et al.,  2006b, 

Chen et al.,  2015) that have been lab based and tested on singular fouling species, this 

study has found that the crab, shell and inverse crab biomimetic surfaces are causing a 

reduction in fouling across the whole biofilm community, as they were tested in the marine 

environment where multiple species will be attempting to foul. 

 This study found that all laser processed biomimetic surface have antifouling 

effects against marine biofilm. This may be because all of the patterns may have worked in 

a similar way to reduce fouling. Fouling within the laser processed features (position 1) was 

important for all mixed crab, shell and inverse crab experiments (as shown by the PCO).  

Therefore, the laser pit and grooves (position 1) of all biomimetic patterns (crab, shell and 

inverse crab) are acting in a similar way to reduce fouling. The pit and grooves of all the 

biomimetic patterns grooves disrupt the previously smooth surface, therefore, creating an 

uneven surface topography, which reduces the attachment point of fouling organisms 

(Scardino et al.,  2008). Previous studies have investigated surfaces of various scales (4–512 
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µm) in relation to settlement and attachment points of various fouling species such as the 

diatom Amphora sp., the algae species Ulva rigida and Centroceras clavulatum, the tube 

worm Hydroides elegans and the bryozoan Bugula neritina and it was found that micro-

topographical surfaces reduced the attachment points, and therefore reduced the overall 

fouling settlement of the fouling species (Scardino et al.,  2008). This is in agreement with 

the findings in this study in that position 1 on all biomimetic surfaces in this study 

possesses features such as pits, grooves and other laser induced surface features that 

reduce the attachment capabilities of fouling organisms, therefore reducing the overall 

settlement of marine biofilm. It is important to acknowledge that the laser induced 

features found in position 1 are limiting the fouling organisms that are larger than the 

features, as the attachment points will be reduced, and the surface area of the organism in 

contact with the surface will be less in situations where the texture of the surface is smaller 

than that of the fouling organism  (Scardino et al.,  2008, Scardino et al.,  2006a). 

  Although the micro-topographical features found in the position 1 settlement area 

were important in reducing the overall settlement of marine fouling, it was found in this 

study that settlement of marine biofilm did still occur in this area. The present studies’ 

finding that settlement still occurred within the grooves and pits of position 1 was popular 

for fouling organisms is in agreement with other studies in which fouling species Ulva 

preferred to settle within ridges of micro-topographies, next to the walls (Callow et al.,  

2002, Hoipkemeier-Wilson et al.,  2004) and within 2 μm wide depressions of the sharklet 

surface (Magin et al.,  2010b). Macrofouling species such as Balanus sp. and Polydora sp 

have also been found to have a preference for settlement within grooves (Köhler et al.,  

1999). If the aspect ratio of the fouling organism is smaller than the surface topography, 

there may be a preference in settling within the grooves and pits, therefore explaining why 

in this study there was settlement within position 1. The reason for settlement of fouling 

organisms within position 1 may be because of settling within pits and grooves of a texture 
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allows for increased number of attachment points between the fouling organism and the 

surface, therefore this enables a stronger attachment (Scardino et al.,  2008) and to protect 

from shear stress and predation (Bers and Wahl, 2004). This could explain why the micro-

fouling organisms in this study are settling in the laser tracks, as it offers protection from 

the water flow, therefore making them less likely to be washed off from the surface. It also 

may be that the fouling organisms on the surfaces of this study have multiple methods of 

attachment, so they are able to overcome unfavourable conditions. This may be due to 

other attachment structures or the use of flagella to overcome the surface topography. 

This has been reported for peritrich ciliates (Becker et al.,  1998)  and has also been 

reported for bacterial attachment of Escherichia coli (Friedlander et al.,  2013).  Alternative 

settlement strategies such as flagella may buffer the effects of the unfavourable surface 

topography, and allow the fouling organism to access grooves and pits of the laser textures 

surface that are inaccessible to the whole body of the fouling organism  (Velic et al.,  2019). 

By using these strategies, the fouling organism is overriding the geometric constraints of 

the laser textured grooves of biomimetic surface. This may explain why the grooves and 

pits of position 1 have still had a level of fouling, and are not completely foul free. 

  All four experiments showed that crab, shell and inverse crab patterns had similar 

influence on reducing marine biofilm settlement compared to the unprocessed control. As 

equal levels of settlement occurred across crab, shell and inverse crab biomimetic surfaces, 

the laser grooves and pits (position 1) created in all biomimetic surfaces must have been 

similar in size. Previous lab based studies showed reductions in fouling, and found that the 

fouling organism was 1.4 times the size of the width of the features of the micro-texture 

(Berntsson et al.,  2000, Petronis et al.,  2000, Chen et al.,  2015). Another study has shown 

that topography features with dimensions of 50–90% of the target cell diameter were ideal 

for limiting fouling (Scardino and de Nys, 2011). One study has changed the aspect ratio of 

the Sharklet ™ surface to specifically target barnacle Balanus amphitrite cyprids as the 
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surface has shown previously good antifouling results for a different species. Therefore, in 

all the successful biomimetic surfaces, the size of the features have been smaller than the 

size of the fouling organism. The aspect ratio of surface structures to fouling organisms in 

this study could not be controlled, as the fouling organisms were not known, due to the 

testing occurring the marine environment. However, all the surfaces in this study still had 

antifouling effects. This may be because the laser processed areas (position 1) in the 

patterns tested in our study has widths of 15-117 μm. Fouling organisms in the biofilm vary 

in size from bacteria <1 μm, diatoms and algal spores (3-200 μm) and tubeworms, 

bryozoans, ascidians, and barnacle larvae (120–500+ μm) (Lejars et al.,  2012). Therefore, 

the width scale of the all the crab, shell and inverse crab patterns in this study is generally 

smaller than that of popular fouling organisms. As all the micro-topographical features 

found within the laser processed areas (position 1) of each pattern were smaller than 

popular fouling organisms (<200um), this could explain why all biomimetic surfaces had 

similar levels of reduction of fouling. Features found within position 1 of crab, shell and 

inverse crab patterns were all of similar size, therefore they may have effected fouling in 

similar ways. Therefore, this explains why there were similar levels of fouling between the 

patterns.  

  In experiment one, Shell 1 pattern was compared against Crab 1, Crab 2 and Crab 3 

patterns and it was found that Shell 1  had significantly more fouling than crab patterns 

(crab 2 and crab 3). This increase in settlement on the shell pattern is due to an increase in 

settlement within the laser tracks (position 1) on shell based patterns than on crab based 

patterns. This is in agreement with Hoipkemeier-Wilson’s (2004) study that found 

increased settlement of  Ulva sp. within the channels, and with very little settlement top of 

the ridges. The channels within their study are very similar to the shell based patterns 

within this study. The reason that shell based pattern had more fouling within the laser 

channels may be due to some fouling organisms being able to  sense the energetically most 
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favourable location to settle (Callow et al.,  2002). It may take less energy for fouling 

organisms to settle within the laser processed channels (position 1) as the organism is in 

contact with all surfaces of the channel, both walls and the base, therefore the surface area 

contact is increased to a maximum (Hoipkemeier-Wilson et al.,  2004).  As it takes less 

energy to settle here, it became a popular choice for fouling organisms, therefore 

increasing the level of fouling within shell 1 pattern.  

  However, shell patterns when tested alone (experiment 3) did not find this increase 

settlement preference within position 1, in fact they did not show a preference in 

settlement of fouling, therefore they are susceptible to fouling in all positions. This may be 

because all the shell-based patterns tested in experiment 3 had very similar micro-

topographies so there was no distinct difference between any of the patterns and the 

control.  

 Although discussed above all patterns had a similar reduction of levels of fouling, 

where in which this settlement occurred was different for two main patterns (crab 1 and 

inverse crab 3). In these patterns, the majority of settlement occurred on position 2. It was 

found that the flat unprocessed areas within a micro-topographical pattern (position 2) 

were the most important position in explaining the variance in settlement for crab and 

inverse crab patterns. The settlement within position 2 may be important in effecting the 

settlement of marine biofilm as it is the unprocessed flat area between laser processing, 

therefore it may be the preferred option for fouling organism to settle. Similar results were 

found in a study by (Rusen et al.,  2014) who found that OLN 93 cells preferred to settle on 

the free space in-between irradiated areas. This may be similar to what occurred in crab 1 

pattern, as position 2 had the highest settlement of settlement, meaning that the most 

settlement occurred on the flat parts of the pattern, where no laser surface texturing had 

taken place. The reason the flat unprocessed areas (position 2) were important in the 

settlement of marine biofilm is that fouling species are not limited settling, as they are able 
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to form multiple attachment points on areas that are smooth (Scardino et al.,  2006b). The 

decrease in overall biofilm from control patterns to biomimetic-textured patterns may be 

due to the decrease in availably of position 2 space. As fouling organisms may only be able 

to settle on the pattern where position 2 is available, by limiting the available free space by 

creating micro-textures on the surface, there is less chance of fouling (Scardino et al.,  

2006a). 
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Figure 5.5 Flow chart of this study’s findings 
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  This study was a proof of concept study to investigate if (a) laser surface texturing 

could be used to create biomimetic surfaces directly onto marine grade steel and (b) if 

these surfaces have antifouling potential. It was found in this study that both aims can be 

met, as lasers surface texturing was used to bio-mimic crab and shell pattern surfaces 

directly onto marine steel, and these surfaces were tested and were found to have 

antifouling properties (Figure 5.5). A surface energy model created by correlating 

wettability to bio-adhesion had previously lead to the design of other biomimetic surfaces 

such as Sharklet ™ as it predicted that biomimetic micro-textured surfaces would have 

antifouling effects vs smooth control surfaces (Carman et al.,  2006, Ball, 1999, Bechert et 

al.,  2000). This trend predicted by the model that biomimetic micro-textured surfaces 

would have antifouling effects have been confirmed in this study, along with other studies 

(Schumacher et al.,  2007b, Hoipkemeier-Wilson et al.,  2004, Brzozowska et al.,  2014b). 

  A development model showed a key issue with proof of concept studies is how to 

transfer the concept to marketable products (Lindblad, 2009). Within this study, areas 

where found in which the patterns could be approved upon before becoming market 

acceptable products. One of the areas that could be improved is the settlement within 

position 2. Settlement of fouling in position 2 increased overall biofouling on crab, and 

inverse crab patterns. If this settlement could be targeted with further studies, it would 

enable the surfaces to provide better fouling potential and therefore be one step along in 

going from proof of concept to a marketable product.  

 Overall, this study has shown that it is possible to create biomimetic antifouling 

surfaces directly onto marine grade steel using crab and shell surfaces as bio-inspiration. 

The majority of the biomimetic surfaces has similar reductions in fouling compared to the 

unprocessed control, and therefore, may be useful in the future as a antifouling 

technology.  
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Chapter 6 Biomimicry: Investigating multi-scale multi-feature biomimetic patterns for their 

antifouling effect. 

6.1 Introduction  

   In chapter 5 biomimetic laser textured surfaces were developed and produced 

demonstrating antifouling efficacy towards marine biofilm. These surface textures were 

inspired by singular species of crab or mussel. However, multi-scale and multi-feature 

surface textures have been found to have greater antifouling effects, than single textures 

alone (Schumacher et al., 2007, Sullivan and Regan, 2017). 

  The use of multi-scale and multi-feature surfaces for marine antifouling has been 

limited to very few studies (Schumacher et al., 2007; Efimenko et al., 2009). Multi-scale 

textures are surfaces that exhibit one type of feature at different scales (e.g. riblets of 

sharklet are one feature at different lengths; Schumacher et al., 2007). The study 

(Schumacher et al., 2007b) involving multi-scale textures centre around the creation of 

Sharket ™ which features the same trapezium shape at difference scales, therefore is multi-

scale but not multi-feature (Figure 6.1; Schumacher et al., 2007b). Another study created 

multi-scale uniaxial hierarchically wrinkled surface topographies (uHWST) on PDMSe 

substrate for antifouling efficacy testing in both lab and marine environments (Efimenko et 

al., 2009) , these surfaces exhibit wrinkles of different sizes, but no other features, so 

therefore are multi-scale (Figure 6.1). 
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  However, there are very few other studies on truly multi-scale and multi-feature 

micro-textured patterns for the marine environment. Multi-feature micro-textures exhibit 

two or more different features (e.g. different triangles and pillars, Figure 6.2; Schumacher 

et al., 2007; Sullivan and Regan, 2017). Where they are present (Sullivan and Regan, 2017, 

Schumacher et al., 2007b), they are created on PDMSe substrates using photolithography 

techniques.  

 

 

 

 

 

 

 

 

(a) 

(b
)

(c) 

Figure 6.1 Multi-scale textures of (a) Sharklet ™ pattern (Schumacher et al., 2007b), and (b) and (c) where both 

are uHWST textures at different part of the same sample showing the difference in scale of wrinkles  (Source: 

Efimenko et al., 2009). 

200 µm 200 µm 
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  The previous studies of multi-scale and multi-feature surfaces are all on polymer 

substrates using various surface texturing techniques. However, the use of multi-scale, 

multi-feature surface textures as an antifouling technology has not been investigated for 

stainless steel substrata. Laser surface texturing was demonstrated previously as a tool 

with which to rapidly and conveniently modify surface topography of stainless steel over 

various scales without the need for further processing (Engleman et al., 2005, Brown and 

Arnold, 2010). The process of laser surface texturing with multiple scaling showed to alter 

wettability of surfaces (Razi et al., 2016), alter lubrication (Segu et al., 2013)  and improve 

bone growth and therefore recovery time for hip replacements (Brown and Arnold, 2010). 

  The aim of this study was to (a) demonstrate the application of laser surface 

texturing to  create multi-scale and multi-feature biomimetic micro-textured surfaces and 

to (b) determine the antifouling efficacy of these surfaces.  

(a) 

(b) (c) 

(d) (e) 

Figure 6.2 Multi-scale and multi-feature textures from (a) Schumacher et al., (2007) and (b-e) (Sullivan and 

Regan (2017). All surfaces were created on PDMSe using photolithography techniques.  
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6.2 Methods 

  The same experimental set up as described in chapter 3 was used to carry out this 

investigation.   

6.2.1 Laser set up of combined patterns 

  To create multi-scale and multi-feature patterns draft-sight™ software was utilised 

as a drawing tool, which allowed for a larger control of the laser path, as there was 

freedom to work outside of the X Y axis, and create shapes and diagonal lines for the laser 

path to follow. Draftsight (Dassault Systèmes SolidWorks Corporation) allows for Drawing 

eXchange Format (.dfx files) to be created and then imported into the SAMLight laser 

processing software. A two stage process was implemented for creating combined 

patterns:  (a) a based pattern and (b) an overlay pattern. All base and overlay patterns were 

inspired by previous bio-inspired patterns tested in chapter 5. Base patterns were 

processed first onto the metal, and overlay patterns on top, to form a multi-feature, multi-

scale combined pattern. 

 

  Although in chapter 4 multiple passes demonstrated improved antifouling efficacy 

compared to a singular pass, multiple passes were also distorting the micro-texture. So in 

this study a single pass was applied to facilitate a very precise biomimetic micro texture 

without disruptions from the multiple melt and hardening effects of multiple passes.  

6.2.1a Base micro-topography 

  Base patterns were developed using inspiration from the patterns in chapter 4. 

Base patterns were laser processed at 100%, 400 speed, 25khz, 200ns, with a single pass. 
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6.2.1b Overlay micro-texture 

  Overlay patterns were developed using inspiration from the patterns in chapter 4. 

Overlay patterns were laser processed using 80% power, 200 speed, 25khz, 200ns, with a 

single pass.  Overlay patterns were smaller in diameter and depth than base patterns with 

the aim of filling the unprocessed areas between base patterns.  

6.2.1c Multi-feature micro-texture 

  Multi-feature micro-textures were developed by combining base and overlay 

patterns for each experiment. The base was first processed onto the steel using 100%, 400 

speed, 25khz, 200ns, with a single pass, then the overlay pattern was laser processed using 

80% power, 200 speed, 25khz, 200ns, with a single pass.   

6.2.2 Pattern design 

  This treatment was a base only micro-topography. Draft-sight features allowing for 

multiple scales of the same feature, in this case a circle, and allowing for movability and 

precision of the features. The circular feature was chosen as it was directly inspired by the 

shore crab.  

 

6.2.1 Experiment 1: Multi-scale circles (M1) 

  The objective of this experiment was to utilise the draft-sight software to create a 

combined pattern using multiple scales of the same circular feature. For experiment 1, data 

were on the size of the features on shore crabs were collected directly from topographical 

microscope images using line cross sectional measurements. These data were used to 

determine the size of the circle features that were used in the laser processing of patterns 

for experiment 1. 
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Figure 6.3 3D micro-topographical scan of shore crab carapace  

  From the GFM scans, cross sections of the surface were measured and data were 

collected on the width of the red circular peaks, as this was a target feature for biomimicry.  

 From the data collected from the GFM images, four patterns were designed to 

mimic the shape and scale of the shore crab peaks. The circular feature was constant, but 

the diameter was changed to three different scales to mimic the range of data collected 

from the shore crab. The patterns created were: (1) small circles which had a diameter of 

230 μm, which was the smallest measurement recorded from GFM images of shore crab; 

(2) medium circles, which had a diameter of 280 μm that was the average measurement 

recorded from GFM images of shore crab; and (3) large circles which had a diameter of 360 

μm, which was the largest measurement recorded from topographical images of shore 

crab. In patterns 1 to 3 the circles were in an array. The fourth pattern created for this 

experiment was a combination of circles used in 1 to 3, but they were distributed freely 

rather than in an XY array, this is shown in Figure 6.4  
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Figure 6.4 Draft sight design for experiment 1, where (a) diameter of circles was changeable for 230 μm for 

pattern 1, 280 μm for pattern 2 and 360 μm for pattern 3  and (b) where all three sizes were combined to create 

a combined pattern for pattern 4. 

  The pattern was drawn in the draft sight software and then imported into Samlight 

software using a DFX file, the pattern was able to be inverted in the laser process for the 

first time in the present study. This new method allowed the software to laser process in-

between circular features and effectively cut them out from the surface to create raised 

platforms for the first time (Figure 6.5).  

 

 

 

 

 

 

Figure 6.5 A white light interferometer scan of the circular “cut out” feature created by laser texturing of an 

inverted circular pattern drawn on draftsight (Dassault Systèmes SolidWorks Corporation) and imported into 

samlight laser software. 
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6.2.2 Experiment 2: Shell base and Crab overlay combination (Multi-feature 2) 

 

 The objective of this experiment was to utilise the draft-sight software to combine 

features of the cockle shell, and crab micro-textures tested in chapter 5 together to create 

a combined antifouling surface.  

  The bio-inspiration for this experiment originated from cockle and crab patterns 

used in chapter 5 (Figure 6.6). Although cockle shells were used to inspire patterns in 

Chapter 5 (experiment 3) the draft sight software allows for curvy lines to be drawn for the 

first time in the present study This novel pattern is based on the curvature of the cockle 

shell pattern inspired from topographical scan of specimens. 
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Combined pattern: Cockle base, crab overlay 

900 μm 

Circular features overlay 

between lines 

Shell 2 pattern (p.109) 

Inverse crab 1 pattern (p. 108) 

Base pattern: Curved shell lines 

900 μm 

Introduction of draft sight 

allow for curvy lines 

Figure 6.6  Flow chart of how combined pattern was reached for experiment 2 from patterns tested in chapter 4.  
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  All patterns were drawn in draft-sight on a small scale, and then the array feature 

was used to repeat the pattern to fit the 50x50mm stainless steel coupon (Figure 6.7). 

 

 
Figure 6.7 Example of pattern scaled up to 50x50mm. 

 

6.2.3 Experiment 3: Crab base and shell overlay combination (Multi-feature 3) 

  The objective of this experiment was to utilise the draft-sight software to combine 

features of micro-textures tested in chapter 5 together a combined antifouling surface that 

has a crab based an shell overlay. The choice of combining layers was to target fouling 

species of various scales, and to utilise antifouling features seen in different patterns by 

combining them for a stronger antifouling effect. This pattern was inspired by combining 

the base layer, which was inspired by the crab hatch with an overlay layer inspired by 

cockle shell to produce a final combined pattern, a flow diagram of this is shown below 



143 
 

(Figure 6.8).  This bio inspiration for this pattern is based on combining crab based features 

found in crab 1 pattern, and shell 4 pattern (Figure 6.8).  
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500µm 

Crab 1 pattern (p.107) 

 500µm 

Base 

500µm  

Overlay 

Combined pattern 

 

Shell 4 pattern (p.110) 

 500µm 

Figure 6.8 Flow chart of how combined pattern was reached for experiment 3 from patterns tested in chapter 4.   
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6.2.4 Experiment 4: Crab based and Crab overlay combination (multi-feature 4) 

  The objective of this experiment was to utilise the draft-sight software to combine 

features of micro-textures tested in chapter 5 together to create a combined antifouling 

surface that had a crab base and crab overlay (Figure 6.9). 
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Combined pattern 

 500µm 

 

Crab 1 pattern (p.107) Inverse crab 2 pattern (p.108) 

Base Overlay 

500µm 

500µm 

Figure 6.9 A flow chart diagram from crab and shell organism, to topographical scans, to patterns tested in chapter 5, to draft 

sight designs then to the final pattern tested. 
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6.2.5 Experiment 5: Circular crab pattern and shell combination (Multi-feature 5) 

 

  The objective of this experiment was to utilise the draft-sight software to combine 

features of micro-textures tested in chapter 5 together to create a combined antifouling 

surface that was both multi- scale (circular features from experiment 1) and multi-feature 

(crab based and shell overlay). The final pattern was designed to combine features from 

experiment 1, 2, 3 and 4 into one final experiment (Figure 6.10).  
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Cockle Shell 
Shore crab 

 

500µm 

 

500µm 500µm 

Figure 6.10  A flow chart diagram from crab and shell organism, to topographical scans, to patterns tested in chapter 5, to 

draft sight designs then to the final pattern tested. 

Crab 1 pattern (p.107) 
Inverse crab 2 pattern (p.108) Shell 4 pattern (p.110) 

3D scan of cockle shell 3D scan of crab carapace 

Draftsight drawings  Draftsight drawings  Draftsight drawings  

Final combined pattern 
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Figure 6.11 Draft sight designs of patterns where (a) is the base pattern inspired by shore crab, (b) is the overlay 

pattern inspired by cockle shell ridges and (c) is the combined pattern of both of them together. 

6.2.3 Experimental time and set up to test the Antifouling Efficacy  

 The experiments were submerged during May to July 2018 for a 7 day period. 

Experiment 1 was submerged 14th to 21st May 2018,  Experiment 2, 3 and 4 was submerged 

28th May  to 4th June 2018 and experiment 5 was submerged 4th to the 11th June 2018. For 

further details on antifouling testing see section 3.4  (3.4.1 for study site and 3.4.1 for 

experimental set up).  

6.2.3.1 Statistical analysis 

  Biofilm settlement data was collected as outlined in section 3.5 (3.5.1 biofilm 

settlement, 3.5.2 Biofilm position on patterns). This data was analysed as outlined in 

section 3.5.2 Statistical analysis. Analysis of similarity (SIMPER; Clarke 1993) was also 

performed on the position data to identify the position that is most responsible for the 

dissimilarity in settlement between patterns.  

6.2.3.2 Diatom species identification  

  For species identification purposes, samples of each pattern  within experiment 

2,3,4 and 5 were selected for the diatom removal process. A whole 50x50mm panel of each 

pattern was scraped using a soft toothbrush to remove attached algae. Each panel and 

toothbrush was rinse into a test tube using distilled water. Hydrogen peroxide was added 

to this test tube, and test tubes were placed in a water bath at 80 degrees for 6 hours to 

(a) (b) (c) 

360 μm 360 μm 360 μm 
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allow for oxidation to occur so that all organic matter is removed from the sample, and the 

silica diatom frustule shells are left for identification (Carr et al., 1986).  

 Once removed from the water bath, the sample was topped up with distilled water 

and centrifuged at 4000rpm for 10 minutes, then decanted. This rinse process was 

repeated 4 times until the supernatant water had cleared. This process was to remove 

hydrogen peroxide from the samples. Diatoms were dried onto microscope cover slips and 

mounted using Naphrax resin which is  of a high reflective order (R.I =1.74) (Hasle and 

Fryxell, 1970). Cleaned diatoms are colourless and transparent, they have a refractive index 

(R.I) of 1.44, so mounting in water (R.I. = 1-33) or glycerine jelly (R.I. = 1-41) is not sufficient 

for revealing the fine structure of the diatoms cells necessary for identification (Peabody, 

1977). The cover slip is mounted onto a microscope slide, and heated on a hot plate 

(200°C) until bubbles cease, creating a permanent microscope slide ready for identification. 

Microscope slides were places under Zeiss Axio Imager A2 With DIC (Differential 

Interference Contrast) and plan apochromat lenses, and diatoms species were identified 

using Round et al., (1990) and abundance of each species was counted. This was 

undertaken for a small sample size, therefore, statistics could not be undertaken on the 

results, but this is discussed in the overall discussion section 7.4. 
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6.3 Results  

  There was not a significant difference in settlement between blocks for all 

experiments in this chapter (experiment 1, F(4,24)=0.036, p=0.997; experiment 2, 

F(4,14)=1.426, p=0.295; experiment 3, F(4,19)=0.225, p=0.902; experiment 4, F(4,19)=0.676, 

p=0.619; experiment 5, F(4,19)=0.223, p=0.921), therefore blocks were ignored in further 

statistical testing. 

6.3.1 Surface Topography  

  For experiment 1, multiple scales were used (small, medium, large) and then multi-

feature (a mix of all three) were created (Table 6.1). 
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Table 6.1 Topographical and microscope images of surfaces in experiment 1 

Pattern white light interferometer Microscope  

Small 
circles 

 

 

Medium 
circles 

 

 

Large 
circles 
 

 

 

Multi-
feature 1 
(m1) 

 

 

 

  For experiments 2 to 5 a base pattern was created and an overlay pattern (missing 

for experiment 2), these patterns were combined to create a multi-feature pattern. The 

resulting biomimetic patterns and the multi-feature cross over patterns for experiments 2 

to 5 are shown in corresponding tables 6.2, 6.3, 6.4 and 6.5. 

200 µm 

200 µm 

200 µm 

200 µm 
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Table 6.2 Topographical and microscope images of surfaces in experiment 2 

Pattern White light interferometer Microscope 

Shell base 

 

 

Multi-feature 2 (M2)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

200 µm 

200 µm 
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Table 6.3 Topographical and microscope images of surfaces in experiment 3 

Pattern Topographical (Bruker) Microscope (Keyense) 

Crab Base 

 

 

Shell 
Overlay 

 

 

Multi-
feature 3 
(M3)  

 

 

 

 

 

 

 

 

 

 

 

 

 

200 µm 

200 µm 

200 µm 
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Table 6.4 Topographical and microscope images of surfaces in experiment 4 

Pattern Topographical Microscope (Keyense) 

Crab Base 

 

 

Crab 
Overlay 

 

 

Multi-
feature 4 
(M4)  

 

 

 

 

 

 

 

 

 

 

 

 

200 µm 

200 µm 

200 µm 
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Table 6.5 Topographical and microscope images of surfaces in experiment 5 

Pattern Bruker Microscope Image  

Circle Crab 
Base 

 

 

Circle Shell 
Overlay 

 

 
 
 
 
 
 
 
 
 

Multi-
feature 5 
(M5) 

 

 

 

 

 

 

 

 

 

 

 

200 µm 

200 µm 

200 µm 
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6.3.2 Biofilm Settlement 

 

   There was a significant difference in the abundance of biofilm between control 

and multi-feature bio-inspired micro-textured patterns (Experiment 1: χ² (4) = 16.6, p= 

0.002; Experiment 3: χ² (3) = 12.851, p= 0.005; Experiment 4: χ² (3) = 10.863, p= 0.012; 

Experiment 5: χ2 (3) = 15.096, p=0.002, Figure 6.12). However, there was not a significant 

difference in the abundance of biofilm between control and multi-feature bio-inspired 

micro-textured patterns for experiment 2 (Cockle base: median = 753, LQ = 614, UQ = 2084; 

Multi-scale pattern 2: median = 398, LQ = 248, UQ = 824; χ² (4) = 3.380, p= 0.185 Figure 

6.12b).  

  Control samples in experiment 1 had significantly higher abundance of biofilm 

(median = 28860, LQ = 2749, UQ = 3737) than biomimetic laser textured patterns (Small 

circles: median = 56, LQ = 47, UQ = 78, p=0.003; Medium circles: median = 111, LQ =110, 

UQ = 122, p=0.003; Large circles: median = 91, LQ = 64, UQ = 131, p=0.003; Multi-scale 

pattern 1: median = 113, LQ = 110, UQ = 133, p=0.003, Figure 6.12a). There were significant 

differences between small circles and medium circles (p=0.016), but not between the other 

patterns (small and large circles, p=0.603; small and multi-scale circles, p=0.263; medium 

circles and large circles, p=0.881; medium circles and multi-scale circles, p=0.920). 

 Control samples in experiment 3 did not have higher abundance of biofilm (median 

= 1431, LQ = 902, UQ = 3224) than base and overlay textured patterns (Crab base: median = 

1375, LQ = 1244, UQ = 1921, p=1; Cockle overlay: median = 352, LQ =243, UQ = 624, 

p=0.416,Figure 6.12c). There was no significant difference between the control (median = 

1431, LQ = 902, UQ = 3224) and the multi-feature pattern 3 (median = 215, LQ = 187, UQ = 

221,p=0.210).  

 Control samples in experiment 4 did not have higher abundance of biofilm (median 

= 1431, LQ = 902, UQ = 3224) than base and overlay textured patterns (Crab base: median = 
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1375, LQ = 1244, UQ = 1921, p=0.9; Crab overlay: median = 1695, LQ =868, UQ = 1731, 

p=0.9). There was no difference in fouling between the control (median = 1431, LQ = 902, 

UQ = 3224) and the multi-feature pattern 4 (median = 174, LQ = 92, UQ = 191, p=0.223).  

  Control samples in experiment 5 had significantly higher abundance of biofilm 

(median = 1678, LQ =  1678, UQ = 3033) than biomimetic laser textured patterns (crab 

circle base: median = 394, LQ = 322, UQ = 490, p=0.034; shell overlay: median = 421, LQ 

=408, UQ = 686, p=0.020; Multi-scale pattern 5: median = 152, LQ = 131, UQ = 172, 

p=0.029, figure 6.12e). There was also significantly higher settlement differences found in 

Shell overlay than multi-feature pattern 5 (shell overlay: median = 421, LQ =408, UQ = 686, 

p=0.020; Multi-scale pattern 5: median = 152, LQ = 131, UQ = 172p=0.046). 
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Figure 6.12 Abundance of Biofilm [Median ± Quartiles] per cm2 across the control, base, overlay and multi-feature 

patterns tested in this chapter where (a) is experiment 1 (b) is experiment 2 (c) is experiment 3 (d) is experiment 4 

and (e) is experiment 5. ABCD show significant differences from post hoc tests..  

 

(a) Experiment 1 

BC 
C 

(b) Experiment 2 (c) Experiment 3 

(d) Experiment 4 

(e) Experiment 5 

(χ² (4) = 16.6, p= 0.002) 

(χ² (4) = 12.851, p= 0.005) 

(χ² (4) = 10.863, p= 0.012) 

(χ² (4) = 15.096, p= 0.002) 
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6.3.3 Position of Biofilm  

 

 
Figure 6.13 A reminder of the definition of positions outlined in methods section 3.5.2. 

 

  There was significant differences in abundance of individuals between patterns in 

relation to position (Experiment 1, Pseudo-F= 6.1657, p<0.001; Experiment 3,Pseudo-F= 

8.6014, p=0.002;Experiment 4, Pseudo-F = 13.458, p=0.0011; Experiment 5, Pseudo-F= 

9.2562 p<0.001; Figure 6.14). There was not a significant differences in abundance of 

individuals between patterns in relation to position for shell inspired patterns tested in 

experiment 2 (Pseudo-F= 1.77, p=0.1877).  

  Pairwise test for experiment 1 showed that all patterns were significantly different 

from each other (small circles and medium circles, t=2.4623, p=0.0074; small circles and 

medium circles, t=2.4215, p=0.0068; small circles and large circles, t=2.3375, p=0.0257; 

medium circles and large circles, t=2.2375, p=0.0153; large circles and multi-feature 1 

pattern, t=3.3014, p=0.0086). There was not a significant difference between medium 

circles and multi-feature 1 pattern (t=1.5298, p=0.1095). These significant differences are 

illustrated on figure 6.14a as the PCO graph shows position 1 (v1) and position 2 (v2) are 

most important in explaining the variance of the settlement between patterns.  

  Pairwise test for experiment 3 showed that all patterns were significantly different 

from each other (crab base and shell overlay, t=2.3217, p=0.034; crab base and multi-

feature 3, t=5.3794, p=0.0087; shell overlay and multi-feature 3, t=1.6763, p=0.0555). The 
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PCO graph in Figure 6.14c shows position 1, 2 and 3 (v1, v2, v3) are important in explaining 

the variance of the settlement between patterns as lines are a similar length. 

  Pairwise tests for experiment 4 revealed significant differences in settlement in 

relation to position between multi-feature 4 pattern and crab base (t=5.5837, p=0.0073) 

and multi-feature 4 pattern and crab overlay ( t=4.063, p=0.0089 ).  There was not a 

significant difference between crab base and crab overlay (t=0.49, p=0.8168). These 

significant differences are illustrated on figure 6.14d as the PCO graph in figure 6.14d 

shows position 1 (v2) and position 2 (v3) are most important in explaining the variance of 

the settlement between patterns. 

  Pairwise tests for experiment 5 revealed significant differences in settlement in 

relation to position between multi-feature pattern 5 and circle crab base (t=3.8659, 

p=0.0096) and multi-feature pattern 5 and circle shell overlay (t=3.3006, p=0.0095), and 

between  circle crab base and circle shell overlay (t=2.0486, p=0.0141). The PCO graph 

(figure 6.14e) shows position 2 (v2) was most important in explaining the variation as it is 

the longest line. Base and overlay seems to be associated with position 2 whereas 

combined pattern is associated with position 1 and position 3.  
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Figure 6.14 (i) Principal Component Ordination for the abundance of biofilm settled in relation to position 1 

(v1) position 2 (v2) and positon 3 (v3) where (a) is experiment 1, (b) is experiment 2, (c) is experiment 3 and 

(d) is experiment 4 and (e) is experiment 5.  

(ii) The number of individuals [median ± quartiles] settled in all three positions on bio-inspired micro-

textured patterns where (a) is experiment 1, (b) is experiment 2, (c) is experiment 3, (d) is experiment 4 and 

(e) is experiment 5 

 

 

(a)(i) Experiment 1 

(a) (ii) Experiment 1 
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Figure 6.14  (i) Principal Component Ordination for the abundance of biofilm settled in relation to position 1 

(v1) position 2 (v2) and positon 3 (v3) where (a) is experiment 1, (b) is experiment 2, (c) is experiment 3 and 

(d) is experiment 4 and (e) is experiment 5.  

(ii) The number of individuals [median ± quartiles] settled in all three positions on bio-inspired micro-

textured patterns where (a) is experiment 1, (b) is experiment 2, (c) is experiment 3, (d) is experiment 4 and 

(e) is experiment 5 

 

(b)(i) 

(b)(ii) Experiment 2 

(c)(i) (c)(ii) Experiment 3 
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Figure 6.14 (i) Principal Component Ordination for the abundance of biofilm settled in relation to 

position 1 (v1) position 2 (v2) and positon 3 (v3) where (a) is experiment 1, (b) is experiment 2, (c) is 

experiment 3 and (d) is experiment 4 and (e) is experiment 5.  

(ii) The number of individuals [median ± quartiles] settled in all three positions on bio-inspired micro-

textured patterns where (a) is experiment 1, (b) is experiment 2, (c) is experiment 3, (d) is experiment 4 

and (e) is experiment 5 

 

 

(d)(i) 

(e)(i) 

(d)(ii) Experiment 4 

(e)(ii) Experiment 5 
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6.3.4 Position per pattern 

 

  Position 1 was most important in contributing to the dissimilarity in the small, 

medium large and combined multi-scale pattern (small and medium circles, average 

dissimilarity, 20.18%; position 1 contribution, 49%; small and large circles, average 

dissimilarity, 23.54%; position 1 contribution, 47.8%; large and multiscale, average 

dissimilarity, 23.09; position 1 contribution, 65.8%; medium and large, average 

dissimilarity, 18.28%; position 1 contribution, 55.6%; large and multiscale, average 

dissimilarity, 30.6%; position 1 contribution, 49%). There was a significant difference in 

settlement of marine biofilm in positon 1  between small, medium, large and multi-scale 1 

pattern ( χ² (2) = 8.541, p= 0.014; small; median = 33, LQ =  32, UQ = 56; medium; median = 

73, LQ =  71, UQ = 84; large; median = 32, LQ =  22, UQ = 61; multi-scale 1 patterns; median 

= 102, LQ =  81, UQ = 109; Figure 6.15a). Multiscale patterns had significantly more 

settlement within positon 1 than small (p=0.009) and large circles (p=0.023) patterns. 

  Position 2 was most important in contributing to the dissimilarity in experiment 2 

(Multi-feature 2 and crab overlay; average dissimilarity, 36.67%, position 2 contribution, 

43.14%;). There was not a significant difference in positon 2 between shell base and multi-

feature 2 pattern (χ²(1) = 0.535, p= 0.465; shell base; median = 552, LQ =  427, UQ = 1278; 

multi-feature 2; median = 276, LQ =  137, UQ = 574; Figure 6.15b). 

  Position 2 was most important in contributing to the dissimilarity in biofilm 

settlement in experiment 3 (crab base and shell overlay, average dissimilarity 38.42%,  

position 2 contribution, 55.19%; crab base and multi feature 3; average dissimilarity 47.03% 

,position 2 contribution 65.4% ;shell overlay and multi feature 3; average dissimilarity 

28.87%; position 2 contribution, 38.79%). There was a significant difference in biofilm 

settlement in position 2 between crab base, cockle overlay and multi-feature 3 (Position 2; 

χ² (2) = 11.520, p= 0.003; crab base; median = 1041, LQ =  1003, UQ = 1590; cockle overlay; 
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median = 226, LQ =  221, UQ = 325; multi-feature 3; median = 22, LQ =  17, UQ = 179; Figure 

6.15c). There was significantly less settlement within position 2 on multi-feature 3 pattern 

compared to crab base pattern (p=0.037). 

   Position 2 was most important in contributing to the dissimilarity in biofilm 

settlement in experiment 4 (crab base and crab overlay, average dissimilarity 36.55%, 

position 2 contribution, 65.45%; crab base and multi-feature 4, average dissimilarity, 

45.2%, position 2 contribution, 69.87%; crab overlay and multi-feature 4, average 

dissimilarity, 36.88%,position 2 contribution, 66.69%). There was a significant difference in 

positon 2 between crab base, crab overlay and multi-feature 4 (χ² (2) = 9.5, p= 0.009; Crab 

base; median = 1041, LQ =  1003, UQ = 1590; crab overlay; median = 1174, LQ =  613, UQ = 

1539; multi-feature 4; median = 56, LQ =  26, UQ = 58; Figure 6.15d). There was significantly 

less settlement within position 2 on multi-feature 4 pattern compared to crab base pattern 

(p=0.04). 

  Position 2 was most important in contributing to the dissimilarity in biofilm 

settlement in experiment 5 (base and overlay, average dissimilarity, 22.5%, position 2 

contribution, 39.2%; base and multi-feature 5, average dissimilarity, 25.89%, position 2 

contribution, 64.43%; overlay and multi-feature 5, average dissimilarity, 33.42%, position 2 

contribution, 64.36%). There was a significant difference in positon 2 and 3 between base, 

overlay, and multi-feature 5 patterns (χ² (2) = 9.98,, p= 0.007; base; median = 340, LQ =  263, 

UQ = 366; overlay; median = 409, LQ =  378, UQ = 635; multi-feature 5; median = 74, LQ =  

72, UQ = 140; Figure 6.15e). There was significantly less settlement within position 2 on 

multi-feature 5 pattern compared to crab base pattern (p=0.044) and overlay pattern 

(p=0.006).  
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Figure 6.15 The number of individuals [median ± quartiles] settled in the most important position on bio-

inspired micro-textured patterns where (a) experiment 1 is position 1, and (b) experiment 2 (c) 

experiment 3 and (d) experiment 4 and (e) is experiment 5 are position 2. 

(a) Experiment 1 Position 1 

(b) Experiment 2 Position 2 
(c) Experiment 3 Position 2 

(d) Experiment 4 Position 2 (d) Experiment 5 Position 2 
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6.4 Discussion  

 

  The aim of this study was to (a) demonstrate the application of laser surface 

texturing to  create multi-scale and multi-feature biomimetic micro-textured surfaces and 

to (b) determine the antifouling efficacy of these surfaces. Multi-scale and multi-feature 

surfaces were able to be created using laser surface texturing. A total of 5 biomimetic, 

multi-scale, multi-feature surfaces were created in this study; all created from combining 

patterns inspired by previous surfaces tested in chapter 5. Settlement of marine biofilm 

was reduced on biomimetic, multi-scale, multi-feature surfaces compared to the 

unprocessed control.  

 6.4.1 Surface topography 

  Five biomimetic, multi-scale, multi-feature surfaces biomimetic surfaces were 

produced in this study by using laser surface texturing directly onto marine grade steel. The 

previous studies have concentrated on the use of PMDS polymers as a base substratum and 

the use of either photolithography (Schumacher et al., 2007b) or uniaxial hierarchically 

wrinkled topographies (Efimenko et al., 2009) as a tool to produce multi-scale, multi-

feature surfaces. This study is novel in that biomimetic, multi-scale, multi-feature surfaces 

were created directly onto marine grade (316L) steel using laser surface texturing as a tool. 

There are no previous studies on creating biomimetic, multi-scale, multi-feature surface 

topographies using laser surface texturing directly onto stainless steel for antifouling 

purposes. The use of laser surface texturing as a tool to create biomimetic surfaces enables 

these surfaces to not be limited by substratum. This means that the biomimetic, multi-

scale, multi-feature surfaces have the potential to be used in more areas across the marine 

industry, than if they were limited in to the use of PMDS only.  

6.4.2 Biofilm settlement 
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6.4.2.1 Multi scale pattern 

  Laser surface texturing of reverse multi-scale circles reduced the settlement of 

marine biofilm. Multi-scale and patterns have previous been found to reduce fouling at a 

greater rate than single scale patterns (Schumacher et al., 2007b). The circular multi-scale 

patterns (experiment 1) were reverse textured meaning that all of the “free space” 

between circular features was now laser processed space and the free unprocessed space 

was at the top of raised sections. As the “free space” was in this series of patterns was on a 

protruding area, this may have caused the reduction in settlement. It has been previously 

found that marine fouling organisms prefer to avoid settling on top of protruding areas 

(Schumacher et al., 2007b, Callow et al., 2002, Hoipkemeier-Wilson et al., 2004). This 

avoidance of settling on protruded areas may also have been occurring in this study, as 

settlement within the receded laser tracks (position 1) was the most important position in 

reducing the fouling between single and multi-scale patterns in experiment 1.  

 All scales of the circle pattern reduced fouling, however, the scale of medium 

circles had the highest level of fouling, therefore the least antifouling potential. This multi-

scale differences may have been noticed by the biofilm organisms, as settlement in position 

varied across the patterns. Medium circles may have had a high level of settlement in 

position 2, which could be because the aspect ratio of the medium circles was similar to the 

size of biofilm species, therefore increasing the fouling. Medium circles pattern was ruled 

out for future experiments as it has higher levels of fouling than others, however the 

combined multi-scale pattern which featured circles of small, medium and large arranged 

randomly was selected to influence the final experiment of this study (Multi-feature 5) as it 

has the most “biomimetic” look as within nature the circles produced on crab shells are a 

mixture of sizes, and are not distributed in an structured array design. 
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6.4.2.2 Multi-feature pattern 

 It was repeatedly found in this study that multi-feature patterns had a greater 

antifouling potential than that of single scale and single feature patterns. This trend is seen 

throughout experiments 1, 3, 4 and now 5 therefore is adding to the evidence that multi-

scale and multi-feature patterns slow the fouling process down, and therefore increase 

antifouling efficacy. There has been very little testing of multiscale combined patterns by 

other research groups (Sullivan and Regan, 2017, Schumacher et al., 2007b; Efimenko et al., 

2009), hence the novelty of this research. The previous studies that have measured 

biofouling on multi-scale and multi-feature surfaces have found a reduction in biofouling 

on the multi-scale, multi-feature surfaces (Sullivan and Regan, 2017, Schumacher et al., 

2007b; Efimenko et al., 2009). Similarly to the present study, Schumacher et al., (2007b) 

found reduced spore settlement of Ulva on combined triangles/pillars patterns, than on 

pillars base pattern. Schumacher et al., (2007b) found that their multi-scale and multi-

feature pattern Sharklet AF™ had the lowest settlement of Ulva compared to smooth 

control, single feature patterns, and multi-feature but single scale patterns. The results in 

this present study are in agreement with Schumacher et al., (2007b) in that the surfaces 

that had both multi-scale and multi- feature topographies (in Schumacher et al., (2007b); 

Sharklet AF™; in present study; Multi-feature 5) had the greatest antifouling efficacy. It may 

be possible that a reduction in overall fouling is because of the base and overlay patterns 

working together to affect the positions of settlement for these marine organisms. 

  The base pattern did not reduce the fouling level for 3 out of 4 experiments. The 

base patterns were laser processed into the substrate with a more power (%) to leave a 

deeper impression on the surface, with the aim to make a distinct base pattern. However, 

although a distinct base pattern was created, the base patterns have not been as successful 

at antifouling. This may be because settlement within the base pattern was focused on 

position 2.The base patterns were designed to limit the settlement of larger organisms, as 
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the base pattern distinctly creates block on the surface which will inhibit settlement of 

larger organisms by reducing contact points (Scardino et al., 2006, Scardino et al., 2008). 

However, by having a larger distinct base pattern, smaller fouling organisms which fit 

within the unprocessed free space of the base pattern were not affected by the surface 

topography, and were able to foul the base pattern in significant numbers. The settlement 

of smaller organisms on base patterns could be due to the fact that their attachment was 

not effect by topography as they were able to form multiple and successful attachment on 

the unprocessed area (Scardino et al., 2006, Scardino et al., 2008). This enabled high levels 

fouling on the base patterns (exp 2,3,4). The base pattern may have played a key role in 

reducing the fouling of larger marine organisms, but enabled fouling of biofilm species 

(diatoms).  

  Overlay patterns were more successful at reducing fouling than base patterns as, 

half of the overlay patterns tested were able to limit the fouling level (exp 3 and exp 5). 

This may be because they were able to limit the attachment points of these smaller 

organisms, that were unaffected by the base pattern (Scardino et al., 2006, Scardino et al., 

2008). The overlay pattern is laser processed with less power (%), to cause a smaller, but 

substantial disturbance to the main distinct base pattern. However, when tested alone the 

overlay pattern was still susceptible to fouling from larger organisms, that may have been 

able to override the small changes in the topography from the over lay pattern (Becker et 

al., 1998, Friedlander et al., 2013, Velic et al., 2019). Similarly, to based patterns, overlay 

patterns had the most amount of settlement within position 2. This may mean that 

settlement was occurring the free space gaps where the topography of the base pattern 

would reduce the settlement.  

  Base and overlay usually had different fouling results, with the overlay pattern 

having a larger antifouling effect (experiment 3 and 5), however, this was not the case for 
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experiment 4, where the base and overlay had similar levels of fouling. There are few 

studies in which have tested singular and combined patterns for antifouling efficacy. When 

compared with Schumacher et al., (2007b),  although they did not have “base” and 

“overlay” patterns, they tested the single pillars pattern “base” and a combined pillars/ 

triangle pattern, and single pillars “base” pattern had more fouling than combined, 

however, the triangle “overlay” pattern in which the pillars was combined with was not 

tested alone, therefore cannot be compared to overlay patterns in the present study. The 

base and overlay of experiment 4 in the present study had similar levels of fouling. This was 

an unexpected result and may be because the surface topography of the overlay may have 

been overridden by fouling species (Becker et al., 1998, Friedlander et al., 2013, Velic et al., 

2019).  However, this similarity in fouling of base and overlay patterns may have occurred  

because in experiment 4 both base and overlay patterns were bio-inspired by the crab, 

therefore, both have similar features, such as lots of free space, and therefore the similarity 

of the base and overlay patterns meant that the abundance of fouling was similar.  

 For the majority of experiments (experiment 1,3,4,5), the multi-featured pattern 

significantly reduce the fouling of the surface. This may be because the base and overlay 

patterns combined worked in synergy, by combining the large feature found in the base 

pattern, with the smaller features fouling in the overlay pattern, the multi-scale multi-

features patterns were able to reduce fouling. The finding that multi-scale and multi-

feature patterns  in this study have an improved antifouling efficacy coincides with results 

on combined patterns for marine antifouling by Schumacher et al (2007b) showing that 

multi-scale and multi-feature patterned surfaces have a greater reduction in fouling than 

singular patterned surfaces.  

  However, one experiment within this study did not find that multi-feature, multi-

scale patterns reduced fouling (experiment 2). This is in agreement with Sullivan and Regan 



173 
 

(2017) who found that after testing multi-scale and multi-feature patterns a 14 day 

experimental period that adnate, centric, small raphid, erect and chain-forming diatom 

species had colonised all exposed surfaces within this time period (Sullivan and Regan, 

2017). This may mean that the topography is irrelevant to settlement, no matter the scale, 

and it is in fact the species present that determine the settlement. It may be that certain 

species may be present that have mechanisms to overcome the topography and form a 

biofilm, and then other species that would have been affected by the topography are able 

to settle, as the cushion of the already formed biofilm is blocking any effects from the 

topography. This may be why no antifouling effects were seen on the single feature (base) 

and multi feature 2 pattern in experiment 2. It may also be that the overlay pattern for 

experiment 2 was sporadic, and not consistent, therefore did not cover the appropriate 

area, which may have negatively impacted the antifouling results. The lack of antifouling 

potential of multi-feature pattern in experiment 2 may also be due to the fact that it is the 

only pattern tested that had a shell base, and as found in chapter 5, shell based patterns 

were more prone to fouling within position 1, as fouling organisms settle within the 

grooves (Hoipkemeier-Wilson et al., 2004), therefore any overlay pattern would not have 

an impact on the fouling in position 1.   
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Figure 6.16  Flow chart of this study’s key findings 

Why? 

Base pattern and overlay pattern working 
together to target fouling in different areas. 

Can lasers be used to 
produce multi- 

feature, multi-scale 

biomimetic surfaces? 

5 multi-feature multi-scale 
biomimetic surfaces 

1 Multi-scale  (M1) 3 Multi-feature (M2,3,4) 

Yes 

Do these multi-scale multi-

feature biomimetic surfaces 

have antifouling properties? 

4 out of 5 patterns reduced fouling levels compared to control 

Yes 

1 multi-scale and multi-feature (M5) 
 

Experiment 2 multi-feature pattern did not 
reduce fouling compared to control  

Base pattern was only pattern based 
on shell topographies, overlay pattern 
too sporadic, did not work together. 

Why? 

Base – reduced fouling of larger 
organisms but had fouling within 

free space  

Overlay –reduced fouling of smaller 
organisms and limited fouling within 

position 2 of base pattern. 

Multi-scale Multi-feature pattern- 
combining base and overlay patterns 

reduced fouling. 
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 This study was to further the proof of concept study done in earlier chapter 5 in 

that laser can be used to create biomimetic surface that have antifouling potential. It was 

repeatedly found that buy combining multiple features (base and overlay), the fouling 

potential of a surface increased, as the best fouling potential came from multi-scale, multi-

feature pattern (figure 6.4.2). A previous model surface energy based model had predicted 

that multi-feature micro-textured surfaces would have antifouling effects vs smooth 

control surfaces (Carman et al., 2006, Ball, 1999, Bechert et al., 2000). This model lead to 

the design of Sharklet ™ which is a multi-scale surface topography and of multi-feature 

triangles/pillars topography (Schumacher et al., 2007b), and when these surfaces were 

tested they confirmed the trend predicted by the model in that multi-feature surfaces 

reduce fouling. This study is in agreement with the previous studies (Schumacher et al., 

2007b, Sullivan and Regan, 2017) in that multi-scale and multi-feature surfaces reduced 

marine biofilm settlement. This study found that the use of multiple sources for bio-

inspiration was important, as the pattern that had a crab on crab base and overly was still 

antifouling, but better results came from the patterns have had feature from both crab and 

shell, therefore multi-species inspired biomimetic surface may be the next step in creating 

an antifouling surface.  

  Although there is doubt over the longevity of multi-scale micro-textured surfaces 

as a solution for marine antifouling (Sullivan and Regan, 2017), this study shows there is 

evidence that multi-scale multi-feature bioinspired micro-textured surfaces slow fouling 

down over a short term period. 
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Chapter 7 Overall Discussion  

 

 Overall, the main finding of thesis is that laser surface texturing can be used to 

create biomimetic surfaces directly onto marine grade steel that have antifouling 

properties. When compared to previous antifouling studies (Table 7.1), this thesis shows 

novelty in three main ways (1) the use of laser surface texturing directly onto marine grade 

stainless steel; (2) antifouling efficacy testing of developed samples in a field environment, 

and (3) combining features of two marine organisms to develop a multi-scale multi-feature 

pattern with antifouling properties.   
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Table 7.1 Previous studies on the development of micro-textures for antifouling purposes with addition of this study. 

 

 

  
Substrate 

  
Method of 
texturing 

  
Fouling 
organism 

  
Species 

Micro-
textures  
reduce 
biofouling 

Lab 
or 
Field  

Bio- 
mimetic 

  
Based on 

  
Features 

  

Reference 

PDMS 
photolithographic 
techniques Zoospores Ulva linza Yes Lab No 

straight 
lines single 

Hoipkemeier-
Wilson et al., 
(2004) 

PDMS 
photolithographic 
techniques Cyrpid  B. amphitrite  Yes Lab Yes Sharklet single 

Schumacher 
et al (2007) 

PDMS 
photolithographic 
techniques Bacteria 

Staphylococcus 
aureus  Yes Lab Yes Sharklet single 

Chung et al 
(2007) 

PDMS 
photolithographic 
techniques Zoospores Ulva  Yes Lab Yes 

Sharklet 
and 
others Multi 

Schumacher 
et al (2007) 

PDMS 
photolithographic 
techniques Zoospores Ulva linza Yes* Lab Yes Sharklet Single 

Carman et al 
(2006) 

PDMS 
photolithographic 
techniques Diatom 

Amphora 
coffeaeformis Yes Lab Yes Crab  single 

Brzozowska 
et al (2014) 

    Cyprid 
Amphibalanus 
amphitrite Yes Lab Yes Crab  single 

Brzozowska 
et al (2014) 

PDMS 
photolithographic 
techniques Tube Worms Unknown Yes Field Yes Crab  single 

Brzozowska 
et al (2014) 

PDMS 
photolithographic 
techniques Diatoms Mixture No Field No  

targeted 
to 
diatoms Multi 

Sullivan et al 
(2017) 

PDMS  
photolithographic 
techniques Zoospores Ulva linza Yes Lab Yes Sharklet single 

Schumacher 
et al (2008) 

PDMS  
photolithographic 
techniques Zoospores Ulva  Yes Lab Yes Sharklet single 

Schumacher 
et al (2007) 

PDMS 
photolithographic 
techniques Bacteria 

 C. marina  
Yes Lab Yes Sharklet multi 

Magin et al 
(2010) 

      
  

      

trangles 
and 
pillars     

PDMS 
photolithographic 
techniques Diatoms 

Navicular 
incerta  Yes Lab Yes Sharklet Single Long (2009) 

PDMS 
wrinkled surface 
topographies  Zoospores Ulva linza Yes* Lab No   Multi 

Efimenko et 
al (2009) 

PDMS 
wrinkled surface 
topographies  Diatoms unknown Yes Field No   Multi 

Efimenko et 
al (2009) 

Epoxy resin 
Cast directly off 
marine organism 

Range of 
species** 

Range of 
species** Yes Field Yes 

Range of 
species single 

Bers and 
Wahl (2004) 

Epoxy resin 
Cast directly off 
marine organism 

Range of 
species   Yes Field Yes 

Mussel 
single 

Scardino and 
R. de Nys 
(2004) 

PDMS 
Cast directly off 
marine organism Diatoms 

Closterium and 
Navicula  Yes Lab Yes 

lotus 
leaf, crab 
shell Single 

Chen et al 
(2015) 

Stainless Steel 
(4N) Electro-polishing Bacteria 

S. aureus and 
P. aeruginosa Yes  Lab No   Single 

Wu et al 
(2018) 

PDMS Laser ablation  Diatoms 
N. paleacea, N. 
jeffreyi, . Yes Lab Yes Mussel  single 

Scardino et al 
(2006) 

      
Amphora sp. F. 
carpentariae             

PET Laser ablation  
Osteoprogenitor 
cells   Yes Lab No   single 

Duncan et al 
(2002) 

Polycarbonate Laser ablation  Diatoms, algae 
Amphora sp, 
Ulva rigida, Yes Lab No   Single 

Scardino et al 
(2006) 

   Tube Worm 
 Hydroides 
elegans        

   Tube Worm 
Centroceras 
clavulatum,       

    Bryozoa 
 Bugula 
neritina        
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7.1 Laser surface texturing to develop bio-inspired surfaces  

 Laser surface texturing as a method can achieve the desired result of an antifouling 

micro-texture produced directly onto marine grade stainless steel (Chapter 4). The majority 

of previous antifouling studies have used PDMS as a substrate and used techniques such as 

photolithography (Hoipkemeier-Wilson et al., 2004; Schumacher et al., 2007; Chung et al., 

2007; Table 7.1). An advantage of the present study is that  it shows that laser surface 

texturing allows for a wide range of substrates to be used from marine grade stainless steel 

in this study to PET and PDMS (Table 1; Duncan et al., 2002; Scardino, Harvey and De Nys, 

2006b). The present study shows a journey of optimisation to create an enhanced 

antifouling surface, from basic laser hatches in chapter 4, where surface properties were 

investigated alongside surface topography, to the complex biomimetic patterns produce in 

chapter 6. This show how versatile the laser surface texturing process can be, as a whole 

range of different patterns were created on marine grade stainless steel. By using laser 

surface texturing, biomimetic surfaces were able to be created on marine grade stainless 

steel, that are similar to other biomimetic surfaces that have only been created on polymer 

substrata previously (Figure 7.1).  

 

 

 

Titanium alloy Laser ablation  Bacteria S. aureus Yes Lab No   Single 
Cunha et al 
(2016) 

Chitosan Laser ablation OLN 93 cell line 
oligodendroglia 
cell Yes Lab Yes Sponge Single 

(Rusen et al., 
2014) 

Stainless Steel  
Laser ablation 
and coating Unknown   Yes Field No   Single 

Sun et al 
(2018) 

Stainless 
Steel Laser ablation  Diatoms 

Diatom 
community Yes Field Yes 

Crab and 
cockle 
shells Multi 

This study 
(Chapter 6)  
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Figure 7.1 Biomimetic surfaces where (a-c) are from previous studies on polymer substrates and (d-f) are 

replicates created using laser surface texturing. Where, a is a white crab ( Chen et al., 2010) ; b is crab inspired 

(Brzozowska et al., 2014); c is Sharklet ™ pattern inspired by spinner shark (Magin, Cooper and Brennan, 2010); 

d and e are laser textured crab pattern (this thesis) and f laser textured shark pattern.  
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  Marine grade stainless steel was chosen for the obvious reason that it will not 

oxidise in the marine environment, therefore it was deemed the best substratum for this 

investigation. A limitation of this thesis is that only one type of substrate was used.  

However, different substrate metals will a coating for corrosion resistance in the marine 

environment such as zinc–magnesium coated steel (Hosking et al., 2007). Therefore, for the 

micro-textures created in this study to work on a wider variety of materials, they will have 

to be created on top of the corrosion resistant coating. This may be possible as a previous 

study has shown it is possible to coat and laser micro-textured a surface at the same time 

(Boinovich et al., 2018). The steel used as substrate in this thesis may not feature at the 

interface of marine structural or industrial application as AISI 1020 steel is extensively used 

for structural work (Venkatesan et al., 2002) . However, the texturing applications 

developed in this this thesis may be applicable to these alternative substrates. 

  The patterns that were created on CAD files (Dassault DraftSight files exported in 

.dxf format) could be easily textured onto plastic surfaces in theory. However, the way in 

which that a polymer surface melts and re-hardens will be different to the stainless steel in 

this study and may affect the over outcome pattern. It may be the case that for future work 

on this the power and the speed of the laser beam may be altered to produce similar 

effects on other materials. However, as the pattern files are already designed, and stored 

at .dxf files, the replication of texturing other materials should be a fairly easy next step for 

this research. Although the use of one sole substrate could be deemed a limitation of this 

thesis, it also opens up the opportunity to reverse cast other materials such as silicones. As 

seen throughout this thesis, most other biomimetic surfaces are created on polymer 

substrates, therefore, a laser processed biomimetic steel surface may be used as a negative 

to cast off other a biomimetic pattern onto other materials.  
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7.2 Single scale surfaces (crab and shell) 

  Throughout the experimental chapters of this thesis it was repeatedly found that 

laser textured biomimetic, surfaces had an antifouling effect on marine biofilm. There are 

two possible explanations for this, the diatom attachment theory and the air entrapment 

theory wettability theory.  

7.2.1 Diatom attachment theory 

As discussed in the literature review (Section 1.5), the diatom attachment theory 

could be a reason to explain why these micro textures may be working to reduce 

settlement of marine biofilm (Scardino et al, 2006). When a surface is flat, diatoms can 

settle easily on the surface and form multiple attachment points (Figure 7.2). However, 

when the surface has a micro-texture, one of two things may occur to the diatom. If the 

surface topography is larger than the scale of the diatom, the diatom may settle 

comfortably within the crevices, form multiple attachment points, and be protected from 

hydrostatic forces, or can colonise micro-refuges on surfaces where they are protected 

from hydrodynamic forces (Granhag et al, 2004) and abrasion (Figure 7.2b). However, if the 

surface topography is smaller than the diatom, the diatom may settle on top of the surface 

features, and have less surface area of its silica shell in contact with the surface, therefore 

reducing the amount of attachment points that it can form, leading to weak attachment 

(Figure 7.2c). 
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The surfaces created in this thesis may be limiting the attachment points of marine 

biofilm, and therefore reducing their ability to foul the surface. A reduction in fouling that 

may have been caused by a reduction in attachment points has been demonstrated with a 

range of species such as Ulva linza (Callow et al., 2002; Hoipkemeier-Wilson et al., 2004; 

Multiple attachment points 

(a) 

Multiple 

Protection from hydrostatic forces 
(b) 

Reduced attachment points 

Exposure to hydrostatic forces 
(c) 

Figure 7.2  A schematic illustration of theoretical attachment points of a diatom; (a) before attachment; (b) 

attachment on a flat surface; (c) attachment where micro-topography that is larger than organism (micro-refuge) (d) 

attachment where micro-topography is smaller than the diatom with three points of attachment and (e) attachment 

where micro-topography is smaller than the diatom with three points of attachment adapted from (Adapted from 

Scardino et al, 2006). 



183 
 

Carman et al., 2006) multiple species of diatom (Scardino et al., 2006) and for larger fouling 

species such as barnacle cyprids (Aldred et al., 2010) bryozoan Buluga neritina and tube 

worm Hydroides elegans (Scardino et al., 2008). The reduction in attachment points may 

also be the reason in which marine fouling is being reduced on laser textured biomimetic 

surfaces in this study. 

    Laser processed biomimetic surfaces in this thesis reduced the presence of 

biofilm, and this may be because not only did the micro-topographies limited the 

attachment points, the micro-topographies also limited the overall contact between the 

surface area of the fouling organism and the surface texture. The reduced contact between 

these two areas may have made it more difficult for diatoms to excrete EPS from the raphe 

directly onto to the surface, therefore EPS  may not be able to act as a ‘glue’ to aid in 

attachment of diatoms (figure 7.3). EPS acts as a glue to help secure diatoms to the surface, 

but also allows them a medium to move within, and enable other fouling organisms such as 

ciliates and zoo-spores to settle on the surface (Singh et al., 2013). Reducing EPS may 

influence species settlement and may reduce diversity of marine biofilm, as  some micro-

fouling species may not be able to settle without EPS, although this has only been shown 

for macrofoulers such as Hydroides elegans (Huggett, Nedved and Hadfield, 2009), Mytilus 

galloprovincialis (Bao et al., 2007), Mytilus edulis (Toupoint et al., 2012) and Mytilus 

coruscus (Wang et al., 2012). However, if the lack of EPS on the surface limits the 

settlement of further biofilm species, this may have been a contributing factor to the 

reduction in marine biofilm settlement. This reduction in species diversity may effect 

biofilm growth, and productivity leading to less marine biofilm settlement. 
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  Biofilm development may have been interrupted if there was a gap between the 

diatom frustule and the surface as attachment points and EPS production may not be 

optimum. The reduction in fouling may have also been aided by the movement of water, as 

the cavity (eg. pit or groove) of the micro-textured surface may have filled with water in 

submersion, and may be enabling hydrostatic forces to remove the marine biofilm (figure 

7.4).  

 

 

 

 

 

 

(a) 

(c) 

(b) 

Figure 7.3   A schematic diagram showing the reduction of EPS use as a “glue” for aiding diatom settlement. 

Sufficient EPS  

Sufficient EPS 

Reduced EPS 
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Figure 7.4   A Schematic diagram of laser textured surfaces showing potential effects of hydrostatic forces on 

diatom settlement. 

 

  However, this theory of hydrostatic forces acting within a cavity may not be 

completely accepted by some authors due to the surface already being fully submerged. 

However, the role of these hydrostatic forces may come into play when the antifouling 

surface textures is at the interface between water and air, such as when a tide is retreating, 

or waves are crashing and retreating. In these two instances, the water within the filled 

cavity may aid in biofilm removal. 

 

 

 

Water filled cavity 
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7.2.2 Air entrapment theory 

   It is generally agreed that roughness and wettability of a surface are interlinked 

(Kubiak et al., 2011; Ta et al., 2015; Bizi-Bandoki et al., 2011). The roughness and contact 

angle of the laser-textured surfaces was investigated in chapter 4, and showed a 

relationship between roughness, contact angle and fouling. A study by  Wu et al., (2013) 

investigated the use of super-hydrophobic surfaces in relation to diatom amphora 

coffeaeformis settlement and proposed that trapped air bubbles may on super-

hydrophobic surfaces may be the cause of the reduction in fouling (Figure 7.5). As 

discussed in section 1.8.4 , this air entrapment theory may not be completely accepted by 

some authours due to the likelihood of entrapped air when submerged. In Wu et al (2013) 

investigation in-situ small-angle x-ray scattering was used to measure the percentage 

interface that remains dry on superhydrophobic surfaces immersed in diatom culture 

media and it was found that surfaces exhibited a degree of resilience against wetting, 

therefore, providing evidence that air entrapment is occurring on these surfaces, which 

may be leading to the antifouling effects.  
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Figure 7.5 A Schematic diagram demonstrating the effects of air pocket size on diatom attachment where (a) 

the air pocket is much larger than the diatom, (b) the air pocket is similar size to the diatom and (c) the air 

pocket is smaller than the diatom (adapted from (Wu et al., 2013). 

 

  It may be that on the laser textured biomimetic surfaces a combination of both 

methods are working together to limiting the fouling of biofilm. The air pockets may act in 

a similar way by limiting the attachment point of the fouling organism (Wu et al., 2013), 

therefore reducing overall biofilm settlement. It has been previously found that a reduction 

in contact surface area between fluid and surface will limit the probability of marine fouling 

settlement (Zhang et al., 2005). 

  In this case, the air bubbles may have reduced the contact surface area between 

the waterbody and the textured surface, and this in in turn may have led to a reduction in 

(a) 

(b) 

(c) 
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the abundance of marine fouling.  It has been suggested that the high contact angles seen 

on micro-textured surfaces may be due to the large air pockets, and the size of the air 

pockets can be fine-tuned by surface roughness (Wu et al., 2013). Therefore, roughness 

and wettability may be affecting the settlement of marine biofilm by the creation of large 

air pockets between at the interface of the surface. 

   The reduction of cells with increasing roughness has been repeatedly found 

throughout the literature, and has shown similar trends to that found in this thesis. A study 

on the marine fouling organism Ulva sp. also found a decreasing linear relationship 

between engineered roughness index and the settlement of Ulva sp. spores (Schumacher 

et al., 2007b). A decreasing exponential relationship between biofilm settlement roughness 

has also been found when analysing data roughness and settlement data from electro-

polished stainless steel when tested with two different bacteria species (Figure 7.6). 

 

  

Figure 7.6 The relationship between roughness (Ra, nm) of stainless steel and settlement of viable cells (CFU/mL) 

for two bacteria species; (a) S. aureus and (b) P. aeruginosa (adapted from Wu (2018). 

  This trend between roughness and settlement spans across different surface 

texturing methods, as it is not just found in laser-processed stainless steel surfaces (this 

thesis) but also on electro polished stainless steel surfaces (Wu et al., 2018)  and 

photolithography textured silicone  (Schumacher et al., 2007b). This means that different 
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methods of surface modification could be used for antifouling effects, depending on what 

is best use with the substrate. The modification of roughness of surfaces for antifouling 

surfaces could be used for a whole range of industries e.g. maritime (marine antifouling) 

and food manufacture (Wu et al., 2018) to reduce biofilm development.   

 

7.3 Multi- scale, Multi-feature patterns 

 Multi-scale, multi- feature patterns were able to further reduce marine fouling in 

the majority of experiments (4 out of 5). This may have been because the base and overlay 

patterns effecting the positions of settlement for these marine organisms. The base pattern 

may limit the fouling of large diatoms by reducing their attachment points (Figure 7.7) and 

the same may be occurring on the overlay pattern for smaller diatoms, therefore making 

combined pattern the best protection against fouling 

  

 

Figure 7.7 Schematic diagram showing possible interactions between (a) base an (b) combined patterns on 

difference sizes diatoms, where based and combined pattern both limit the attachment points of fouling 

organism.  

  In chapter 6, the shell based multi-feature pattern did not have a reduction in 

fouling, therefore it could be argued that multi-feature patterns do not have antifouling 

Key 

Large diatom 

Small diatom 

(a) base (a) Combined 

Overlay 
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potential. However, this increase in fouling was thought to have arisen from the large gaps 

between the base pattern, enabling increased settlement within the free space (position 2). 

This was found in another study, where the wide flat unprocessed space between features 

increased fouling (Carman et al., 2006). The availability of “free space” (position 2) appears 

to be a key in influencing the levels of settlement.  

  High levels of settlement within the free space on the base and overlay patterns 

can expected, as these patterns were of different scales.  The base was a larger scale than 

the overlay pattern, therefore the base pattern may have been reducing larger organisms, 

and the overlay pattern may have been reducing smaller organisms. However, within the 

“free space” of the base pattern smaller organisms may have been able to settle, increasing 

the settlement within position 2 (Figure 7.8). This is similar to results found by (Sullivan and 

Regan, 2017) as they found that the majority of settled cells on their multi-scale multi-

feature patterns were small and motile, adnate or centric diatoms.  
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Figure 7.8 Schematic diagram showing possible effects of (a) base an (b) combined patterns 

on difference sizes diatoms, where base and combined pattern may not limit the 

attachment points of smaller fouling organisms. 

  The overlay pattern was designed to target settlement within the free space 

(position 2) as its role was to limit the free space available for settlement. However, in the 

process, the overlay pattern may have encouraged smaller species to settle within the 

micro-pits. The overlay pattern may even result in a stronger adhesion for smaller diatoms 

are the sides of the pit may provide a wall to attach against as well as a horizontal surface. 

This is in agreement with results by (Sullivan and Regan, 2017) as they found that smaller 

diatoms are settling in higher numbers than larger diatoms on multi-scale, multi-feature 

topographies.  
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Large diatom 

Small diatom 

(a) base (a) Combined 
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7.4 Longevity of textures  

 

  Although the results in this thesis found that laser processed biomimetic surface 

have antifouling properties against marine biofilm, there is doubt over how long they may 

be effective (Sullivan and Regan, 2017).  This thesis is evidence in that micro-textures can 

slow down the fouling process on a short term basis.  Although this thesis found micro-

textures provided antifouling efficacy on a short term basis, it is inevitable that over time, 

the surfaces will become fouled as space is a limiting factor in the marine environment 

(Connell and Keough, 1985). Biomimetic surface may be overruled by fouling in the long 

term, as the marine species in which they are based on use behaviour mechanism to avoid 

fouling, as well as the micro-textured structure, therefore, this combination provides 

fouling protection in the marine environment, not just the structures alone (Becker and 

Wahl, 1996). Crab micro-topographies were used as a biomimetic influence throughout this 

thesis, however, many crab species also use behavioural mechanisms such as bury in the 

sediment to avoid colonization (Glynn, 1970; Barnes and Bagenal, 1951; Mori and Zunino, 

1987; Svavarsson and Davidsdottir, 1994) and moulting to remove fouling (Barnes and 

Bagenal, 1951). It has been identified that the most important behaviours to keep fouling 

rates low on crab species are burying, hiding, nocturnal activity and emersion (Becker and 

Wahl, 1996). Therefore, although the crab inspired micro-topographies have shown anti-

fouling results in the short term, long term they may be overridden as in the natural world 

crabs used a combination of fouling textures and behavioural mechanism to avoid fouling. 

In the long term, the biofouling succession process outlined in (Section 1.1) will happen 

resulting in a macro-fouling community (Wahl, 1989).    

 

 

 



193 
 

  It has been suggested that due to the diversity in size ranges of fouling diatoms and 

their diversity in shape, the sole development of micro-textured surface for antifouling 

efficacy would be difficult to achieve (Sullivan and Regan, 2017). 
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Table 7.2a Species list of diatoms found on surfaces 

 

 

 

 

 

 

 

 

 

Diatom species Control Shell 
base 

Multi-
feature 
2 

Crab 
base 

Shell 
overlay  

Multi-
feature 
3 

Crab 
overlay 

Multi-
feature 
4 

Rhabdonema 
minutum 

✓ ✓ ✓ ✓ ✓ ✓ ✓ - 

Synedra fasciculata ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
Tryblionella  
apiculata 

✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

Tryblionella  
hungerica 

✓ ✓ ✓ ✓ - - ✓ ✓ 

Parlibellus delognei  ✓ ✓ ✓ - - ✓ ✓ ✓ 
Melosira 
moniliformis 

✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

Cocconeis  ✓ ✓ ✓ - ✓ ✓ ✓ ✓ 

Amphora  ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

Diplonies - ✓ ✓ - - ✓ ✓ - 

Haslea spicula  - - - ✓ - - - - 

Parabellus Berkeleyi - - ✓ - ✓ ✓ - - 

Licmophora 
paradoxia 

- ✓ - - - ✓ ✓ ✓ 

Achnanthes ✓ - - - ✓ ✓ ✓ - 

Amphora 
coffeaeformis 

- - - - - - ✓ - 

Achnanthes longipes - - - - - - ✓ - 

Amphora Ventricosa - - ✓ - - - - - 
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Table 7.2b Species list of diatoms found on surfaces 

 
Diatom species Control  Circle 

crab 
base 

Circle 
shell 

overlay 

Multi-
feature 5 

Rhabdonema 
minutum 

✓ - ✓ ✓ 

Synedra fasciculata ✓ ✓ ✓ ✓ 
Tryblionella  
apiculata 

✓ ✓ ✓ ✓ 

Tryblionella  
hungerica 

✓ ✓ ✓ - 

Parlibellus delognei  - ✓ - - 

Melosira 
moniliformis 

✓ - ✓ - 

Cocconeis  ✓ - ✓ ✓ 

Amphora  ✓ - ✓ - 

Diplonies - - - - 

Haslea - - - - 

Haslea spicula  - - - - 

Parabellus 
Berkeleyi 

✓ - ✓ ✓ 

Achnanthes ✓ - - - 
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  The diversity of sizes and shape of diatoms may be detrimental to the antifouling 

properties of the surfaces tested in this study. Over all the surfaces, 23 different diatom 

species were found on the surfaces (Table 7.2a and Table 7.2b). However, the diatom 

species present a water body show seasonal and spatial variations (Lange et al.,1985; Snell 

et al., 2019; Nohe et al., 2020; Moerdijk‐Poortvliet et al., 2018; Kókai et al., 2019; McIntire 

and Moore, 1977). The seasonal change of temperature if a primary driver in the changes in 

diatom assambleges. Therefore, the antifouling potential of surfaces may alter with 

seasonality or with location. It is generally agreed that that biodiversity is greatest in the 

tropics (Brown, 2014), therefore, testing biomimetic surfaces in tropical regions may 

reduce the antifouing efficacy, as there is a wider diveristy of fouling species. However, this 

may not be the case, as diatoms appear to be an expection to the rule of latitudinal 

diversity gradient, as datoms possess an extraordinary dispersal capacity due to large 

population densities and small sizes (Passy, 2010). Diatom species have been known to 

utilization a range of dispersal vectors such as ground water run off, hurricanes, and 

migrating fauna (Finlay 2002). Therefore, as diatom species ranges are relieved from 

geographical restrictions, it may be that seasonal changes will have more of an impact in 

antifouling efficany of surfaces than spatial changes.  

   It has been suggested that with extended exposure in the marine environment, 

micro-topographical surfaces may be overridden, and the texture becomes obsolete 

(Sullivan and Regan, 2017). A way in which this could potentially happen to the surfaces 

tested in this study is by the dominance of chain building species on the panel. Although 

not reported in chapter 6, the cluster species Synedra fasciculata was a dominant species in 

the biofilm community (Figure 7.9). Other species found within the diatom assemblage on 

this study were chain building species Melosira sp. and tube dwelling species Parlibellus 

delognei. Both species are common fouling species; Melorisa has previous been recorded 

as a fouling species in Langstone Harbour, South Coast of England  (Pyne et al., 1986) and 
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all over the UK (Crawford, 1977); and Parlibellus delognei has been previous recorded 

fouling in-service cruise ship hulls (Hunsucker et al., 2014). 

 

 

 

20 µm  

30 µm  

70 µm  

20 µm  

20 µm  

Figure 7.9 Dominant species Synedra fasciculata of various sizes found on multi-scale and multi-feature 

surfaces throughout this study. 
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  Dominant species are important as they can be ecosystem engineers and alter the 

conditions of the niche to boost community richness (Jones et al., 1994; Wright et al., 

2002). As  Synedra fasciculata was a dominant species found on surfaces within chapter 6, 

it may be affecting the settlement of biofilm. Synedra fasciculata is a marine diatom first 

described by Kützing (1844)  and is known to grow in bundles and clusters (Stearn, 1973). 

Synedra fasciculata has previously been found to be a dominate species on non-toxic 

panels in Canada (Prince Edward Island; Bacon and Taylor, 1976), and panels in immersed 

in Langstone Harbour, South Coast of England (Pyne et al., 1986) showing that the diatom 

is a common species widely distributed within the global water bodies.   

  Synedra fasciculata recorded in this study range from 20 µm to 145 µm (Figure 

7.4.2). Therefore, they may have been a dominant species as they were able to occupy 

both small niches created by the overlay texture, and large niches created by the base 

pattern.  Synedra fasciculata has been known to form three dimensional colonises. When 

these colonises have been analysed it has been found that singular cells of other diatom 

species are present, as they are able to embed into the extra cellular polymeric substance 

(EPS) that holds the clusters together (Ferreira and Seeliger, 1985). It is these types of 

colonises that may override the surface topography, and encourage biofilm settlement.  
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Key 

Chain building diatom 

Others – each colour 
individual species  

Surface 

(b) (a) 

Figure 7.10 Schematic diagram showing possible species richness, diversity and interaction when the dominant species 

is (a) non-chain building and (b) chain building diatoms. 



200 
 

 

  Both this study, and a previous study by Sullivan and Regan (2017), are in 

agreement that colonial forming diatom species play a role in enabling settlement on 

micro-textured surfaces. In this study Synedra fasciculata was found to be the dominant 

cluster building species with a frustule length of 20-145 µm, chain building species 

(Melosira) and mucilage tube dwellers (Parlibellus delognei) were also present in the 

biofilm community on many of the patterns in this study (see table 7.2). Whereas in 

Sullivan and Regan (2017) the chain-forming species was identified as Neosynedra with 

frustule sizes between 50–100 µm. They found that chain-forming diatoms were able to 

bridge multiple surface features at once, therefore increasing their attachment points, 

rather than surfaces limiting it. Therefore, designing surfaces that limit the chain forming 

type of diatom may be the future for reducing marine fouling.  

 Synedra fasciculata may be the dominant species as it has a size range of 20-145 

µm, therefore was able to settle in a wider range of places. Other common species within 

the diatom assemblage found in this study were chain forming species Melosira sp.,  and 

mucilage tube dwellers Parlibellus delognei. When chain and cluster forming diatom settle 

within a free space, one single cell is able to settle, and form multiple attachment points 

(Figure 7.2; Scardino et al., 2006a).  By secreting EPS attachment can become stronger, and 

then diatoms can reproduce to form chains. By building chains, there is a removal of 

competition for space on the panel, and they are able to reproduce exponentially, which 

may be why they are dominant across the panels (Figure 7.11).   
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Figure 7.11  Schematic diagram showing attachment strategies of (a) non-chain forming diatoms and (b) chain 

forming diatoms. 

  It has been discussed previously, that the micro-textured surfaces are causing a 

reduction in attachment points, which is leading to a reduction in fouling of the surface. 

This effect may be amplified when the dominant species are chain forming diatoms. This 

could be because the whole chain could become unstable when settled within the laser 

processed area (Figure 7.12).  

 

 

 

Figure 7.12 Schematic diagram showing chain forming diatoms in a positive feedback loop where (a) they settle 

on the micro textured surface and produce chains, (b) sections of the chain are dislodged and land on other 

areas of the micro-texture, and (c) settlement and chain building of dispersed chain forming diatoms, as 

feedback loop starts again. 

 

(a) non-chain forming diatoms (a) chain forming diatoms 

(a) settled within laser 
area 

(b) Disturbance by 
flow regime 

(c) colonisation of 
new area 

(d) Positive 
feedback loop  
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  If chain forming diatoms settle on micro-textures, it could make their chains less 

stable as attachment points reduced on the “base” individual. There will be less of a 

stronghold on the chain to the surface at the point of attachment. The diatom chain may 

still grow, but as it gets longer, it will become more prone to the flow regimes of the water 

around the micro-textured surface, and a small disturbance may be enough to knock the 

chain off, and break it up into clusters or individual diatom cells. Once a chain has broken 

up, some may be transported back into the water column, however, other may settle on 

the surface a small distance from where they originated in a chain. These diatoms go on to 

colonise a new area and form their own chain. This positive feedback loop may be the 

reason why chain building diatom are dominant species on combined patterns. This 

feedback look would enable a low but constant abundance of chain building diatoms on 

combined patterns, and this is exactly what we found within the species analysis (Section 

6.3.8). This type of positive feedback loop has been described in the literature as a way of 

biofilm dispersal (Lewandowski, 2000). However, it would be plausible that the micro-

textured surface encourages and accelerates detachment and re-colonisation, as the 

settlement on the surface is unstable and delicate.  It is also plausible that once streamers 

of chains building diatoms are established, they may break off in small groups of diatoms 

encased in EPS called mucilage aggregates. These aggregates may contain both chain-

building and other species of diatom, and they may attach to a surface as one entity (Figure 

7.13). 
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Figure 7.13 The cycle of a biofilm; attachment, growth, detachment (Lewandowski, 2000). 

  First descriptions of biofilm development have led us to believe that diatoms will 

settle in neat individual cells, and then form attachment points, produce EPS and multiply 

to produce a biofilm. However, diatoms may not settle in individual cells, as diatoms can 

group together and become encase in EPS to form mucilage aggregates. These mucilage 

aggregates are present in water bodies (Alldredge and Silver, 1988; Alldredge and Crocker, 

1995) and they may be larger than the micro-textured surface. If mucilage aggregates come 

into contact with the surface, they may be able to attach as: (a) they are already encased in 

sticky mucus, so stick to the surface, and (b) the size of their combined entity may larger 

than the antifouling texture, and therefore it may not have any effect (Figure 7.14). 
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 This study found mucilage aggregates present on the samples after a 7 day period, 

and they may play a role in overriding surface textures and therefore encouraging biofilm 

settlement. This is similar to results found by Sullivan and Regan (2017) study on multi-

feature micro-textured surfaces in the marine environment found that mucilage aggregates 

were commonly found on textured surfaces in this study after a 7 day period. The chance 

of colonisation as a group of diatoms, compared to a single cell may be higher. Mucilage 

aggregates within both this study and Sullivan and Regan (2017) study were generally 

1 2 1 2 

Settled as a group, micro-texture 
overridden 

(b) (a) 

Key 

Chain building diatom 

Others – each colour individual 
species  

Surface 

Overlay 

Organic material 

Figure 7.14 Schematic diagram showing settlement mechanisms of (a) single diatoms of different sizes and (b) 

mucilage aggregates. 
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comprised of bacterial cells, and damaged and intact frustules of benthic and planktonic 

diatom species. Within this study where possible, identification of diatoms was 

undertaken, however, it was not reported if certain species were grouped in mucilage 

aggregates. It has been suggested that planktonic diatom species may cause the start of 

forming an aggregate suggesting that they provide the mucus base, and that benthic 

species such as Navicula, Amphora or Cocconeis encounter and attach to the aggregates 

within the water column (Sullivan and Regan, 2017). Aggregates may play a role in 

transportation of the primary colonising cells to a newly submerged surface. Settlement of 

groups of diatoms rather than individual species may be mitigating the effect of surface 

topography, and it may be why some surfaces, such as the surfaces used in Chapter 6 of 

this study, do not have an antifouling effect.  Once aggregates colonise a surface, their 

presence may significantly affect the hydrodynamic flow of the surface, contributing to 

increased settlement as areas may be blocked from currents due to protruding 

aggregates.  

  The role of settlement of groups may also indicate why the same species are 

found repeatedly on the slides (Table 7.2a and 7.2b), as the chance of colonisation within 

an aggregate may be higher than single diatom cells alone. Micro-textures may have an 

effect against single cell diatoms, however, the antifouling effect may be overridden when 

settlement within groups. This also may be why chain and cluster building diatoms were a 

dominant species on panels within this study, as they form mucilage aggregates which 

may break off and re-colonise surfaces as described in Figure 7.13. 

  Overall, reducing settlement may not be as simple as reducing attachment points, 

as it may be that diatom cells attach and settle within mucus group which may over-ride 

any micro-texture present on the surface. It is also known that diatoms have the innate 

ability to quickly release from a surface (Cohn and Weitzell Jr, 1996) and that the formation 
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of mucilage aggregates is standard procedure and may not be a reaction to the surface 

features on a substratum (Cohn and Weitzell Jr, 1996). From the results of this study, and 

the study by Sullivan and Regan (2017) it is possible to suggest that single cell diatoms are 

the primary colonisers and may be the most important in the first 7 days, which is why 

there was a reduction in settlement on micro-textures in this study. However, as the 

period of immersion increases, it is likely that colonisation by mucilage aggregates 

increases, and therefore reduces the antifouling efficacy of the surfaces. To test this 

theory, longer immersion of surfaces in the marine environment would be required so 

that the longevity of the antifouling efficacy can be tested (Sullivan and Regan, 2017). 

7.5 Lab vs. Field based studies 

  These surfaces tested in this thesis have a real world antifouling effect as they were 

tested in situ in the marine environment.  The majority of papers referenced within 

previous chapters rely on lab-based assays (Hoipkemeier-Wilson et al., 2004; Schumacher 

et al., 2007a; Schumacher et al., 2008; Table 7.1) whereas this thesis is an example of 

biomimetic surfaces on marine grade steel working directly in the natural environment. 

This highlights the novelty of the thesis as very few studies have tested biomimetic 

antifouling surfaces in the marine environment. The studies that have tested micro-

textured in the marine environment are in agreement with this thesis in that a reduction in 

fouling was found on micro-textured surfaces (Efimenko et al., 2009; Brzozowska et al., 

2014). As testing of micro-textures in the field has very few studies compared to lab based 

environments, these studies are crucial in providing real world data, which will be useful in 

deciding the next steps of biomimetic antifouling applications. This thesis provides real 

world data that biomimetic surfaces have an antifouling effect outside of lab-based 

scenarios, and therefore it may be possible to scale up this type of work to 

commercialisation. The commercialisation of biomimetic surfaces has already occurred for 

the Sharklet ™ pattern, as it is used in catheter tubes to reduce the settlement of bacteria 
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that produce catheter-associated urinary tract infection (CAUTI; Reddy et al., 2011; May et 

al., 2015). However, there is currently no available biomimetic antifouling micro-texture for 

the marine environment. This thesis aims to bridge this gap, as it shows that a marine anti-

fouling micro-texture has been developed directly onto marine grade steel exposed within 

maritime industries without the use of any extra polymers or coatings. The areas in which 

this texture may be applicable in the future where steel is exposed in the marine 

environment are on scientific instruments  (Davis et al., 1997), where coatings or added 

chemical may interfere with data recordings, therefore,  short term no toxic antifouling 

solutions would be beneficial. 

7.6 Antifouling textures without additional chemicals. 

 Other studies on laser surface texturing on steel for an antifouling effect have 

required further processing by the addition of silicone coatings (Sun et al., 2018), however, 

this thesis is the first to show that laser surface texturing can be used to directly create a 

biomimetic antifouling surface without the addition of further chemicals. The creation of 

an antifouling surface with the lack of additional chemicals could have potentially a massive 

impact on the health of the oceans if made commercially available, as currently anti-fouling 

paints use chemicals that may have negative effects on the ocean. Historically TBT was 

used, and this had negative effects on marine life (as discussed in section 1.3.1). However, 

since the ban on TBT, the active ingredient used in antifouling paint, alternative booster 

biocides have been used in antifouling paint. Of 18 booster biocides produce, nine of them 

are approved for use in  UK waters (Voulvoulis, Scrimshaw and Lester, 2002). However, 

these booster biocides are toxic to a large range of aquatic life outlined in a review by 

(Konstantinou and Albanis, 2004). There is also concern at the rapid rate that new 

chemicals are being produced into the antifouling market, it is unknown how these 

chemical will effect the ocean in the long term (Voulvoulis, Scrimshaw and Lester, 1999). 

One of the biocides, Diuron, has been found to reversibly affect photosynthesis of 
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seagrasses (Macinnis-Ng and Ralph, 2003) by inhibiting the photosynthetic electron flow 

within photosystem II  (Miles, 1990; Falkowski and Raven, 1997). Not only does this effect 

the marine life, but by inhibiting photosynthesis there is the potential to effect ocean 

processes such as carbon sequestration. The sequestration of carbon into the ocean is an 

ecosystem service that we currently rely upon to store and sink carbon dioxide out of the 

atmosphere, to reduce global warming (Sun, 2011). Diatoms are a keystone functional 

group in the carbon cycle, and if this delicate carbon balance was disrupted by the effect of 

booster biocides on photosynthesis, there may be implications for climate change. 

Therefore, although TBT has been banned, the alternative booster biocides are not an ideal 

replacement as they too can have negative effects on the ocean and have already been 

found within the sediment (Konstantinou and Albanis, 2004). This highlights the 

importance of this thesis, as it has repeatedly shown that the laser surface texturing of 

biomimetic antifouling surfaces can produce antifouling results without the use of 

additional chemicals, which are repeatedly being found to be detrimental to the marine 

enviroment. If scaled up, this research has the potenital to offer a non-toxic alternative to 

the antifouling industry.  

7.7 Limitations of this study  

  Although this thesis has shown to potential use of marine anti-fouling micro-

textures directly onto marine steel, there are limitations in the study in that they have only 

been tested in UK waters, therefore it is unknown if they will work in other areas, where 

different diatom species may be dominant. It is well established that abiotic factors such as 

light availability, depths and temperature effect the diatoms present on the surface 

(Patrick, 1971; Pyne, Fletcher and Jones, 1986b; Munda, 2005; Yang et al., 2015). However, 

the experiments undertaken in this thesis have shown that the laser textured biomimetic 

surfaces were able to work in all seasons, as the settlement on the control samples 

increased with season, but the biofouling efficacy remained. This is shown in  chapter 5 as 
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settlement within control samples increased from 3200 in early spring (experiment 1), to 

20000 in summer months (experiment 4), however, the surfaces still provided antifouling 

results.  

  Previous studies have shown that species composition changes through the 

seasons, as some species such as Synedra fasciculata were found to be dominant 

throughout May and June, however, when water temperatures became warmer and 

exceeded 10°C there was a shift in the community and it was no longer dominant species 

(Bacon and Taylor, 1976). Synedra fasciculata was also a dominate diatom on the panels 

within this thesis (Chapter 6) and therefore it is likely that the species composition of our 

panels changed seasonally, however, the antifouling efficacy remained.  Therefore, it is 

likely that the antifouling effects have not been effected by the change community 

composition, and that the antifouling protection is working against a larger range of 

species, both in the communities where Synedria are dominant, and on other communities 

where Synedra fasciculata is not dominant, and different species may be present. As 

experiments were carried out all year round, the surfaces is not overpowered by higher 

growth rates in spring and summer months. 

  Another possible limitation of this thesis is that all patterns were tested at 1m 

depth. It is known that species communities change with depth (Pyne et al., 1986) and 

often there is clear zonation of distinct communities with depth. Therefore, it could be 

argued that as this study has only tested panels at shallow depth, they may not be effective 

in deeper parts of the ocean as there will be different species present. However, within 

deep ocean environments the fouling pressure is decreased this is reflected in studies that 

show, the corrosion levels are reduced as there is less microbial induced corrosion in the 

deep ocean (Venkatesan et al., 2002). Although the surfaces in this thesis were only tested 

at a shallow depth, they were tested where the fouling pressure is greatest (Wahl, 1989). 

Fouling pressure decreases as depth increases, this is due to photosynthesis being a limiting 
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factor of biofilm growth (Brouns & Heijs 1986). The growth fouling diatoms is fuelled by 

photosynthesis, and photosynthesis only occurs in the euphotic zone of the ocean (Ryther, 

1956).Therefore, although only tested in shallow depth, they may be more beneficial in 

deeper waters, as fouling pressure is reduced, therefore they may have a greater 

antifouling efficacy.  

  Overall, this thesis is in agreement with many other studies (Table 7.1) in 

that biomimetic surfaces reduce the settlement of marine fouling organisms. It was found 

that by designing multi-scale and multi-feature patterns that took inspiration from two 

marine organisms, can increase the antifouling efficacy. So far, in the literature, only one 

other study has combined patterns, and therefore there is still plenty of opportunities to 

develop new patterns that may have antifouling effects inspired by marine organisms. The 

main reason in explaining this reduction is the diatom attachment theory (Scardino et al., 

2006a; Scardino et al., 2008) as the micro-textures are reducing the number of attachment 

points and therefore the surface is having an antifouling effect. There is sufficient evidence 

within this thesis, and among other studies, that the micro-textures are significantly 

reducing the settlement of diatoms and other micro-fouling species. Therefore, as there is 

a lack of biofilm, this may affect settlement of macrofouling species. A study has shown 

that the biofilm density and presence of particular diatom species significantly affected the 

settlement of Bugula neritina larvae (Dahms et al., 2004). Similarly, it was found that larval 

settlement success of Haliotis rufescens differed significantly between mucus substrate, 

diatom substrate and γ-aminobutyric acid substrate (Slattery, 1992) and that diatoms may 

significantly contribute to the recruitment of larval settlement onto substrates in Hydroides 

elegans (Harder et al., 2002). As these studies show, diatoms are a precursor to the 

marcofouling species settlement, as increases in biofilm coverage leads to increases in 

further settlement (Harder et al., 2002; Joint et al., 2002; Callow and Callow, 

2006).Therefore, with a reduction in biofilm settlement, further macrofouling settlement 
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may be reduced. This means that as the biomimetic laser textured surfaces tested in this 

thesis may not only be directly effecting the biofilm, but may indirectly be effecting the 

macrofoulers ability to settle, by removing the presence of diatom species. If this type of 

surface presented in this thesis becomes commercial, the ability to limit not only 

microfoulers, but also macrofoulers will be a great advantage as macrofoulers such as 

mussels, cockles and tubeworms can cause more damage to structures and increase the 

drag of ships due to the weight of their calcareous shells (Townsin, 2003). If this type of 

surface were available commercially, it would help reduce the problem invasive species, as 

ship fouling is one of the main ways invasive species are moved around the globe, for 

example the zebra mussel which was first recorded in London docks in 1824, after being 

transported from the Baltic region, but is now widespread across the whole of the UK and 

Ireland (Aldridge, Elliott and Moggridge, 2004). 

  In the majority of micro-texture antifouling studies, the surfaces are found to limit 

and reduce fouling. However, in some studies such as (Carman et al., 2006) and (Sullivan 

and Regan, 2017) the certain surface combinations have been found to promote the 

attachment of cells, this usually occurs where the cell is similar in size to the topography so 

can fit in-between the micro-texture. It could be argued that if micro-textured surfaces can 

exhibit control of marine diatom cells, by effecting their settlement, that micro-textures 

could be used to promote the settlement of marine organisms. Studies have shown that 

some micro-textures can increase the settlement of spores of the green alga Ulva linza  

(Xiao et al., 2013) and the mussel Mytilus galloprovincialis (Carl et al., 2012).This could be 

useful for coral reef restoration projects such as Biorock projects in which steel structures 

are sunken and provided with an electric current to enhance the promotion of corals in 

areas that have suffered mass coral death due to bleaching and erosion (Wells et al., 2010; 

Goreau and Prong, 2017). By texturing the surface of this steel structure, it may add to 

their effect of increasing the coral settlement and a quicker restoration of the reef habitat.  
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7.8 Conclusion  

 

  The overall aim of this study was to develop a biomimetic pattern using laser 

surface texturing directly onto marine grade steel that has antifouling properties. The 

reasons in which why laser textured biomimetic surfaces would be an advantage such as 

providing an eco-friendly antifouling solution for the maritime industry, improving the 

health of the oceans, and lower costs for fouling within industry were discussed in Chapter 

1.  This thesis was a proof of concept study that met this aim by investigating three 

objectives; if the method of laser surface texturing could have an antifouling effect (chapter 

4); if biomimetic antifouling patterns could be produced using laser surface texturing 

(chapter 5) and if combining patterns to create multi-scale and multi-feature patterns 

would enhance the antifouling potential of the patterns (chapter 6; Figure 7.15). 
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Chapter 5 

Can laser surface texturing be used as a tool 

to create biomimetic surfaces that have 

antifouling potential? 

Chapter 6 

Can laser surface texturing of biomimetic surfaces be 

enhanced by combining features to create multi scale, 

multi feature biomimetic patterns that have antifouling 

potential? 

Chapter 4 

Can laser surface texturing be used as a tool 

to create surfaces that have antifouling 

potential? 

Bio-inspiration  Yes 

Yes Multi- scale, multi-feature patterns 

Aim: to develop a biomimetic pattern using laser surface texturing directly onto 

marine grade steel that has antifouling properties 

Figure 7.15 Evolution of experimental chapters to meet overall aim of thesis. 
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  The experimental data has repeatedly shown that the biomimetic laser textured 

surfaces are having an antifouling effect, in which combined features from multiple marine 

organisms to create multi-scale and multi-feature patterns improve the antifouling efficacy. 

This thesis is in agreement with others (Schumacher et al., 2007b; Efimenko et al., 2009; 

Sullivan and Regan, 2017) in that the use of multi-scale, and multi-feature surface textures 

is the way forward in increasing antifouling efficacy of micro-textured surfaces. The 

experimental work carried out within this thesis was all field based, reinforcing the fact that 

this has real world applications. 

 Alongside the importance of multi-scale and multi-feature surfaces is the 

importance of aspect ratio of fouling organism to the size of the surface pattern (and / or 

texture). This is less important than the multi-scale and multi-feature aspect as when 

tested in the marine environment as the dimensions of the fouling organisms are unknown. 

There is also the role of roughness and contact angle of the surface within the micro-

textures which play a role in the antifouling efficacy. Overall, the importance of a micro-

textured surface having multi-scale and multi-feature micro-texture is highest, as this is 

what will have the created antifouling efficacy against a wide range of fouling organisms 

(Figure 7.16). 
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Figure 7.16 Interlinking relationships between multi-feature and multi-scale topography, roughness and contact 

angle, and aspect ratio of fouling organisms that lead to the optimum antifouling potential of a surface. 

Chapter 8  Future work  

  Ideally, the end goal for this type of technology would be to be used on areas of 

metal that are exposed on a short term basis in ocean environments. An area of interest for 

this technology could be ocean instruments that are often deployed for long periods to 

collect data on ecological processes as they are prone to fouling, which can effect 

components such as light sources, fluorometers, and sensors (Davis et al., 1997). Without 

antifouling protection, ocean instruments can be limited in deployment to several weeks 

(Davis et al., 1997). In the past, bronze rings containing tributyltin oxide have been used to 

limit fouling of ocean instruments (Butman and Folger, 1979) although this is no longer the 

case after the TBT ban. Divers have also been used to periodically clean the ocean 

instruments while in situ (Martini and Strahle, 1993), however, instruments may be drifting 

with currents, or in remote or rugged regions, therefore the use of divers for biofouling 

maintenance is not practical. Therefore, the use of biomimetic laser textures surfaces may 

Aspect ratio

roughness 
+  contact 

angle

Muli-scale and 
Multi-feature 

surface 
topography

Optimum antifouling potential 
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be an idea solution to the problem, as texturing could be used on instruments before 

deployment to extend the deployment lifespan.   

  Another area of metal that are exposed on a short term basis in ocean 

environments are bronze ship propellers. It has been found that propeller blade surfaces 

which are often polished metals such as manganese bronze have no anti-fouling protection 

(Townsin, 2003).  The lack of fouling protection may be because when the propeller is 

turning, there is very little chance of biofilm settlement. However, once in the harbour and 

static in a water body for a couple of days the biofouling process will occur, and a biofilm 

will develop on the propeller. This is where there the micro-textured surfaces would be 

beneficial, as they will be able to limit the biofilm development over a short term period 

while the propeller is static. This application may be achievable as there is already research 

into laser texturing of bronze substrates to increase micro-hardness (Tang et al., 2006) 

therefore micro-texturing using laser may be able to combine increasing the micro-

hardness and providing antifouling. Within the maritime industry there are many other 

surface areas at the interface of a hard substrate and water in which fouling occurs such as; 

on aquaculture infrastructure, oil rig infrastructure, and inside pipelines on heat 

exchangers. 

  The main challenge that faces this work going forward is to do with scaling up the 

project. As the work in this thesis was carried out on 50x50mm coupons, therefore laser 

surface texturing was quick, efficient and of reasonable price. The development of portable 

hand held laser devices may be an option in solving the logistical problems that occur in 

scaling up this research (Wolf et al., 2009). 

  Inevitably, there will be a trade off between price to produce the surface (laser 

costs) and price of what currently available, as most companies are likely to choose the 

cheapest option. However, this may change as we as a society become more aware of the 
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necessity to protect our oceans, companies may become more conscious and factor eco-

friendly options into their budget. As this technology is non-toxic and chemical free, it may 

prevail as more and more chemicals are being banned from used in the ocean.  

  A limitation of the biomimetic side of the project was that the availability of the 

biological specimens was limited to that of what would be found locally, and what was 

stored within LJMU archives. There was also difficulty in scanning specimens as GFM and 

Bruker machines are generally designed for use within material science where samples are 

of regular shapes, therefore scanning for a surface on the curvature of a shell became an 

issue. For future work, a larger range of biological species could be investigated prior to the 

pattern design stage. As discussed in the literature review, the appearance of micro-

textures across a whole range of species, whereas this thesis mainly focuses on crab and bi-

valve species. Future work could be done incorporating more of the feature, such as 

pyramid type shapes, wavy lines (shown in section 1.4.2 Table 4) into the draft sight 

designs. A process in which removes the uncertainty about the depth of laser surface 

texturing would also enhance this project as then patterns could be planned in 3D not just 

2D as they are currently in this thesis. It was possible to mimic other creatures using the 

laser surface texturing process such as the spinner shark, recreating a Sharklet ™ like 

pattern directly onto marine grade steel (Figure 8.1), however, due the constraints of the 

laser surface texturing program (SamLight), the pattern was not able to be scaled down to 

the microscale.  
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Figure 8.1  Spinner shark inspired laser surface textured pattern directly onto 

marine grade steel using processes outlined in methods section and chapter 6 

where (a) is at x100 magnification, (b) at x1000 magnification and (c) a 3D 

scan of the surface at x1000 magnification. 
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