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Marine organism fouling of surfaces has significant impact on our environment and the 

economy.  Increased fuel use due to drag costs approximately $600 million annually in the 

United States alone. The efficiency of marine vessels substantially decreases due to fouling.  

Toxins in some antifouling paints accumulate in the marine environment and produce negative 

effects on the marine ecology.  There is a critical need for effective non-toxic, anti-fouling, 

marine coatings that reduce operational costs and the overall environmental impact of ocean 

vessels on the environment. 

Our approach is to investigate the interaction between the wettability of surfaces with the 

response of fouling organisms.  One of the ways the wettability can be influenced is through the 

use of topography.  Since the topographies have directionality, the direction dependence of the 

wettability was determined on several microscale topographies that have previously shown 

antifouling potential.  Breaking microscale ridges into the discontinuous features in the 

antifouling topographies reduced the anisotropies in the contact angles, but did not eliminate 

anisotropy.   

The number of distinct features in the design and the area fraction of the topographic 

features were found to influence settlement of the fouling alga Ulva linza. A biosettlement 
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model, refined from previous work, predicts the settlement of Ulva linza to three previously 

untested surfaces. These surfaces significantly reduced the settlement of these spores in vitro by 

up to 78%. The attachment of another species of fouler, the diatom Navicula perminuta, was 

reduced by approximately 35% on several surfaces that reduced Ulva linza settlement. The 

Navicula cells responded differently to the topographies than the Ulva linza spores. 

A mapping technique was developed to determine the two-dimensional settlement pattern 

of cells on the topographical surfaces. This technique revealed and quantified several preferential 

locations for Ulva linza settlement on engineered topographies.  The characteristics of these 

locations can be further investigated to elucidate the driving factors for the interaction of these 

cells.  Other applications, such as the medical devices and tissue scaffolds, could benefit from 

investigating the localized interactions between various cells and surface patterns. 
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CHAPTER 1 
INTRODUCTION 

Introduction 

All stable surfaces observed to this point foul over time in the marine environment, 

including glass, metals, stone, polymers, shells of organisms, and other biological surfaces. This 

process contains several steps, including conditioning by macromolecules and fouling by diverse 

species varying in size.1 This fouling greatly increases drag on marine vessels which leads to 

increased fuel consumption, reduced speed, and increased the production of gasses that are of 

environmental concern.2, 3 The increase in fuel is estimated to cost the U.S. Navy and U.S. 

commercial, fishing, and recreational vehicles approximately $600 million annually.4 Toxic 

strategies to reduce fouling have found some success, but these toxins have shown toxicity 

toward other organisms and in some cases have been banned.5, 6 

A variety of approaches have been investigated to reduce fouling on surfaces in ways that 

do not release toxins. One of these approaches is the use of topographic patterns on the surface. 

Several species of fouling organisms—including algae and barnacles—have been shown to alter 

settlement rates in response to topographic patterns.7-9 These organisms do not all respond to the 

same topographies in the same ways. Additionally, the interaction between the cells and the 

topographies is not fully understood. Prior to this work, there was not a consistent model capable 

of predicting biosettlement. 

As a result of this work, an empirical model that is based on a correlation between 

topography-altered wettability and biosettlement was refined.  The static and dynamic contact 

angles of topographies are examined because topography both affects wettability and influences 

biosettlement.  Previous work is built upon to develop a predictive model for the settlement of 

the fouling alga Ulva linza. The fouling response of another organism, Navicula perminuta, is 
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tested using this model. A method to describe preferential settlement to localized regions on the 

topography is developed. This method can be used to investigate localized characteristics of the 

surface to better understand cell-surface interactions. The role of topographically-altered surface 

energy on settlement behavior is investigated in this work.  

Specific Aims 

Specific Aim 1: Identify Magnitude of Static and Dynamic Contact Angle Anisotropy on 
Engineered Topographies with 2 µm Dimensions 

 Identify if static and dynamic contact angle anisotropy larger than 1° exists on engineered 

topographies with features 2 µm wide and spaced by 2 µm. 

 Several engineered topographies developed for anti-fouling purposes were evaluated for 

static and dynamic contact angles using the tilting plate method. The channels topography 

exhibited anisotropy of 5-42° in the various contact angles. Making the features discontinuous 

decreased the anisotropy to 2-6°. The anisotropy in the static and dynamic contact angles on 

these surfaces is statistically significant, but was greatly reduced from the values found on the 

continuous channels of similar dimensions.  

Specific Aim 2: Predict the Settlement of Ulva linza Spores on an Engineered Topography 

 The settlement of Ulva linza spores on a previously-untested engineered topography of 

poly(dimethyl siloxane) elastomer (PDMSe) will be predicted to within 5% in terms of the 

percent reduction versus a smooth PDMSe surface. 

 A previously developed model, the Engineered Roughness Index, was re-examined and 

modified to fit data for multiple historical Ulva linza settlement data sets. This biosettlement 

model was then used to predict the settlement relative to smooth on three previously un-tested 

engineered topographies in two separate experiments. The Ulva linza settlement assays were 

performed by Drs. Maureen Callow, James Callow, and John Finlay at the University of 
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Birmingham, UK. Each experiment was used to confirm the role of different surface descriptors 

in the biosettlement model. The biosettlement model showed correlation between surface 

descriptors and the settlement of Ulva linza spores for four separate studies. 

Specific Aim 3: Reduce the Attachment of Diatoms Using Engineered Topography 

 A PDMSe Sharklet AF™ engineered topographical surface designed with appropriate 

width and spacing will reduce the attachment of Navicula perminuta diatoms by at least 30% 

versus smooth PDMSe. 

 The Sharklet AF™ engineered topographical design was modified by altering the width, 

the spacing, and the number of distinct features in the design. These surfaces were evaluated for 

Navicula perminuta diatom attachment and release by Drs. Maureen Callow, James Callow, and 

John Finlay at the University of Birmingham, UK. Surfaces with 2 µm width and 2 µm spacing 

reduced the attachment of these diatoms by an average of approximately 35%, while surfaces 

with larger widths or larger spacing between features had similar attachment of diatoms as the 

smooth surface. 

Specific Aim 4: Identify Preferential Settlement Sites for Ulva linza Spores on an 
Engineered Topography 

 A mapping technique to identify the location within the pattern that Ulva linza spores (or 

other cells) settle will identify locations in which the density of settled spores is higher than other 

locations within the pattern. 

 Images from several Ulva linza settlement assays performed by Drs. Maureen Callow, 

James Callow, and John Finlay at the University of Birmingham, UK were analyzed using a 

newly developed mapping technique. Preferential settlement sites were identified on each of the 

surfaces, and quantitative analysis was performed. Several preferential settlement sites were not 

previously identified with observational evidence. 
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CHAPTER 2 
BACKGROUND 

Introduction 

Biofouling—the accumulation of biological molecules, cells, and organisms to a surface—

has implications for many aspects of everyday lives. Bacteria are a concern in nearly every 

surface implanted in the body, increasing the cost of treatment, the length of stay, and mortality 

rate.10 Some short term medical devices, such as urinary catheters, have extremely high rates of 

disease related to bacteria fouling these devices.11 Oral plaque other oral diseases are caused by 

bacteria fouling surfaces in the oral cavity.12 Bacteria foul the membranes of water purification 

systems for drinking water and wastewater treatment. Fouling of these membranes reduce output, 

reduce efficiency, and increase corrosion.13 In the marine environment—the environment of 

focus in this work—fouling from single cells to multicellular animals creates considerable 

problems in the shipping industry and other marine applications. 

The industry of preventing marine fouling has recently undergone a major shift: the most 

effective commercial technology was recently banned by the international community due to 

toxicity. Other technologies that also rely on toxicity are in danger of being similarly banned. 

Non-toxic strategies to control marine biofouling are required not simply for improving current 

technology, but to take the place of toxicity-based technologies. 

New technologies must focus on the interaction of the fouling organisms with the surfaces, 

since the organisms cannot be killed at a distance from eluted toxins. The fouling response is 

affected by surface chemistry, topography, mechanical properties, and other characteristics. The 

fouling response to topography is of particular interest, as technologies based on topographies 

have the potential to be combined with other technologies based on chemical and compositional 
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properties. A model for predicting the response of fouling organisms to topographies would 

provide a means for creating non-toxic surfaces capable of preventing fouling. 

Process of Marine Biofouling 

All stable surfaces observed to this point foul over time in the marine environment, 

including glass, metals, stone, polymers, shells of organisms, and other biological surfaces. The 

colonization of the surfaces differs in the species fouling the surfaces and in the rate of 

colonization. Colonization occurs in four steps, starting with a pristine surface that becomes 

colonized with an advanced community.1 

Macromolecules condition the surface in the first step of colonization. This conditioning 

step begins as soon as a surface is introduced to the water. The formation of this film is a 

physical process and is purely thermodynamic. In the second step, bacteria colonize the surface 

through a variety of driving forces. These driving forces include water motion, cell motility, van 

der Waals interactions, and electrostatic interactions. Long range motion such as water flow 

bring the cells near the surface, and short term motion through cell motility, Brownian motion, 

and microturbulance bring the cells into near-contact. Rearrangement of excreted polymers and 

other processes bring the cell into intimate contact with the surface. This second step begins 

within hours of immersion of the surface. 1 

The third step of marine biofouling is the settlement and attachment of unicellular 

eukaryotic foulers such as diatoms, and begins on the order of days to weeks. The fourth stage is 

fouling by macrofoulers, including algae and larval forms of animal foulers. This stage begins on 

the order of weeks after immersion. The macrofoulers foul the surface through a colonizing 

form, such as a spore or larva, and develop into much larger organisms.1 

The term biosettlement refers to the biological process of a cell or larval stage initially 

attaching to the surface in a series of steps.  The organism approaches a surface, senses the 
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surface, contacts the surface, and makes initial attachment to the surface. Some organisms have 

propulsion mechanisms to approach the surface (e.g. flagella), while others rely on gravity and 

water currents. The organism senses the surface in some manner before or during contact. Initial 

attachment is often provided by some biological adhesive to anchor the cell or organism. 

Biosettlement does not mean the cell or organism has strong attachment to the surface and does 

not provide any indication of attachment strength. 

Economic Impacts of Marine Biofouling 

Fouling of ship hulls creates several economic and ecological problems. Fouling increases 

the weight of the vessel and increases the frictional resistance from the water. The increased drag 

and weight require higher fuel consumption.2 Slimes, an early occurring stage of biofouling, 

increase drag by up to 25%. An increase in resistance of 80% was reported when a 1 mm thick 

slime was present along with extensive macrofouling algae. Hard foulers were estimated to 

increase the drag by up to approximately 85%, and even small surface coverage provides large 

increases in drag.14, 15 

In 2000, when the price of oil was approximately equal to the current range (approximately 

$40 per barrel), estimations of the increased fuel cost for U.S. military and non-military were 

evaluated.4 In the United States alone, increased fuel use due to fouling was estimated to be 

approximately $600 million for both military and non-military vessels.  For the U.S. Naval fleet, 

the increase in cost was estimated to be approximately $250 million annually. For U. S. non-

military vessels, increased fuel use was estimated to cost approximately $300-400 million 

annually. Additional cost increases come from increased wear on machinery and cleaning time 

and expense. 

Fouling can exacerbate corrosion by damaging protective coatings, requiring additional 

maintenance and costing both time and materials. Biofilms of bacteria and algae create anodic 
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and cathodic regions based on the local concentrations of oxygen and other ions. The salt in the 

water magnifies the corrosive effects of these cathodic and anodic regions.16 Organisms which 

have fouled a ship hull are transported to new geographic regions causing the spread of non-

native species.2 

Historical Perspective 

Antifouling coatings are surface treatments used to prevent biofouling and have a varied 

history dating back approximately 3000 years.2 Pitch, wax, and tar were used by ancient cultures, 

and metal sheathing was used as early as 700 B.C. Copper, a material currently used in 

antifouling coatings, was used by both the Romans and the Greeks in the form of nails to secure 

lead sheathing. Pitch and tallow were used for many centuries to protect hulls. Copper use for 

antifouling has been reported as early as the 17th century. Widespread use of copper for 

antifouling occurred in the late 18th century in the British Navy. It wasn’t until around 1800 that 

the antifouling property of copper was due to the dissolution of the metal into the water. 

The field of antifoulant paints arose as a result of the introduction of iron ships. Copper as 

an antifoulant was not perfect and was largely discontinued on iron ships due to the corrosive 

effect of copper on iron. The antifouling properties of the highly toxic, broad antifoulant 

tributyltin (TBT) were discovered in the 1950s after testing a variety of formulations of 

antifouling paints with limited effectiveness. This highly effective antifoulant was 

commercialized in the 1960s, and remained the primary compound for use in antifouling until its 

negative consequences led to its ban in the 2000s by the international community.2 

Despite the problems with tributyltin, this effective antifoulant reduced fuel consumption 

and decreased emissions. Tributyltin-based antifoulants were estimated in 1999 to save the 

shipping industry $5.7 billion and 7.2 million tons of fuel annually. Emissions of various 

environmentally concerning gases such as carbon dioxide and sulfur dioxide from the shipping 

20 



 

industry were greatly reduced by the use of this effective antifoulant. The spread of invasive 

species was decreased by the use of tributyltin by preventing organisms from attaching to vessels 

moving throughout the world’s harbors.3 

Unfortunately, the high toxicity of tributyltin that makes it effective as an antifoulant also 

makes it troublesome ecologically. Reproduction problems caused by tributyltin nearly destroyed 

oyster farming in the prominent Arcachon Bay area of France in the late 1970s and early 

1980s.17 Imposex, a reproductive problem in which females develop male sexual organs, has 

been linked to tributyltin in various gastropods. Entire populations of gastropods disappeared 

when imposex prevented females from releasing eggs.18 

Tributyltin enters the food chain through absorption by bacteria and algae or by adsorbing 

onto particles in the water.19 The toxin accumulates in tissues in fish, birds, and mammals, 

presenting a threat to animals throughout the food chain. A large number of marine species have 

exhibited toxic effects from tributyltin, particularly the early and larval stages. Humans may be 

exposed to tributyltin through water which contains the compound or through consumption of 

contaminated seafood. Detectable levels of dibutyltin, a metabolite of tributyltin as well as a 

toxic compound itself, have been found in human liver samples in various populations.20 

The international community agreed in 2001 to ban tributyltin because of the problems 

with this popular and effective antifoulant. Already banned by some countries, tributyltin could 

not be applied to ships starting in 2003. A complete ban on tributyltin including the removal of 

any of the biocide applied prior to 2003 took effect worldwide in 2008.5 

Tin-free biocidal antifouling paints have become popular due to the ban on tributyltin. 

Copper is the primary biocide used in these paints, because copper is toxic to a variety of 

species. However, several species of algae are tolerant to copper, and booster biocides are 
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required for effective antifouling activity. Both diatoms and Ulva—two highly important fouling 

algal species—form biofilms even on relatively new tin-free biocidal paints.16 

Leaching biocides including copper in antifouling paints have their own concerns. The 

leaching rate for copper from antifouling paints is higher than that for tributyltin, leading to 

higher environmental concentrations21. Copper has been shown to cause mortality in mollusk 

larvae at concentrations which are observed in some coastal regions.6 Copper concentrations in 

some areas with high vessel traffic are higher than federal and state water quality criteria.22 The 

concentration of zinc pyrithione, a common biocide used along with copper, is large enough in 

some regions to effect the development of mussel and sea urchin embryos.23 Copper 

concentrations in the seawater near some shellfish farms have increased twofold since the 1980s. 

The elevated copper concentration is approaching levels which cause faster aging, decreased 

rates of reproduction, and decreased growth in clams for farming.24 

Antifouling paints have been suggested to be the main source of heavy metals in seawater. 

These metals, including copper and zinc, are absorbed by algae and isopods.25 Zinc and copper 

have synergistic toxicity, leading to difficulty evaluating the full effect of antifouling paints on 

the ecological environment using laboratory studies.26 Even some supposedly non-toxic 

commercial coatings leach toxic material into the water.27 These concerns have led some 

European countries to limit the copper release from vessels and increased concern from other 

governments.28 Little information is available on the toxicity of booster biocides or their effect 

on the environment. The booster biocides used with copper may prove to have deleterious long 

term effects and may not be a safe alternative to tributyltin.29 With increasing concerns over the 

release of toxic agents into the environment, bans on any biocide-based antifouling paint are 

likely to be forthcoming. 
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Non-Eluting Strategies to Combat Fouling 

Problems with released biocides and the prospect of bans on the use of released biocides 

have directed fouling control research into new approaches for coatings. The first such approach 

is to design coatings which prevent strong attachment of fouling organisms to the surface. These 

surfaces, called foul release coatings, allow easy cleaning of biofouling from the surface. The 

movement of a vessel through the water creates enough shear force to dislodge fouling 

organisms in some cases. 

The second approach to combat fouling without eluting biocides is to create release-free 

antifouling coatings. These coatings prevent attachment of foulers via means other than released 

biocides. Technologies employing this approach include specialized chemistries, incorporation 

of bioactive molecules in the surface, surfaces with specialized topographies, and surfaces 

designed to change properties dynamically. 

Foul Release Coatings 

Foul release coatings are typically fluoropolymers or silicones, whose low surface energies 

and low moduli prevent strong adhesive bonds between foulers and the surfaces. Several 

problems with foul release coatings exist. Some early foulers like diatoms attach strongly to 

commercial foul release coatings. Because these coatings do not prevent fouling when the vessel 

is not moving, fouling communities on a stationary vessel may grow and become even more 

difficult to remove.30 Additionally, foulers respond to the wettability of these surfaces 

differently. Diatoms are more strongly attached to hydrophobic surfaces than hydrophilic 

surfaces.31 In contrast, Ulva linza algal spores attach in higher numbers on hydrophobic surfaces, 

but attach more strongly to hydrophilic surfaces.32 

Amphiphilic chemistries have been investigated as potential foul-release surfaces. Surfaces 

that contain both hydrophilic and hydrophobic regions were created with the aim of allowing 
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removal of both Ulva linza and diatoms organisms. These amphiphilic surfaces are typically 

block copolymers with amphiphilic molecules attached to one of the blocks. These block 

copolymers can be created by either modifying small molecular weight polymers prior to further 

polymerization or by selectively modifying blocks in a block copolymer. The amphiphilic 

component typically contains both fluorinated regions and ethylene oxide regions. Both diatoms 

and Ulva algal sporelings had higher removal rates on the amphiphilic surfaces than on the 

control surfaces.28 In another study, the diatoms did not release as well from amphiphilic 

surfaces.33, 34 This discrepancy may be due to the lack of suitable and generally-accepted control 

surfaces for testing. 

Dynamic coatings, which are designed to change properties, have been proposed to allow 

for increased release of foulers. One example of dynamic coatings is the application of polymers 

which have a lower critical solution temperature (LCST) near ambient temperature. The polymer 

is soluble in water below the LCST, but insoluble above the LCST. In these two states, the 

surfaces are structurally different and have different wettabilities. 

Two organisms which prefer surfaces with different wettabilities were both shown to have 

high release from one of these dynamic surfaces based on poly(N-isoproylacrylamide).35 

Halomonas marina showed release of 95% during the transition to the hydrated state. 

Staphylococcus epidermidis showed release of 93% during the transition to the non-hydrated 

state. These surfaces were tested with unfiltered seawater from Puget Sound, and showed release 

of 95% of the surface coverage of the mixed species foulers. These surfaces lasted only a few 

repetitions before becoming ineffective, and controlled switching may be difficult to implement 

on most marine surfaces.  
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Release Free Antifouling Coatings 

The second approach for new fouling-control coatings is to prevent the initial fouling 

through a means other than released biocides. This developing area includes control of fouling 

using a variety of technologies currently being developed and tested for potential use. 

Technologies employing this approach have a large range and include specialized chemistries, 

incorporation of bioactive molecules in the surface, surfaces with specialized topographies, and 

surfaces designed to change properties. 

Chemical approaches to release free antifouling coatings 

One approach to release free antifouling coatings is to immobilize biocides in the coating. 

Quaternary ammonium salts, which are effective at killing a variety of bacteria and other 

pathogens, have been tethered to crosslinked poly(dimethyl siloxane).36 A stable system was able 

to incorporate these quaternary ammonium salts without degrading the material or leaching toxic 

compounds. These surfaces reduced biofilm formation of the marine bacterium Cellulophaga 

lytica and the diatom Navicula incerta by more than 80%, as determined by colorimetric and 

chlorophyll extraction assays, respectively.  

A similar approach to immobilized biocides involves incorporating catalysts that produce 

antifouling compounds into the surface. McMaster et al. have developed xerogels that 

incorporate catalysts that promote the production of positive halogen species from chemical 

species existing within seawater.37 The selenium- and tellurium-based catalysts produce 

hypohalous acid from halide salts and hydrogen peroxide. These ions exists in natural seawater 

in small concentrations and therefore do not need to be part of the coating itself. Barnacle 

cyprids of Balanus amphitrite and tubeworm larvae of Hydroides elegans showed lower 

settlement on these surfaces when a small concentration of H2O2 was added to artificial seawater 

to mimic than when no H2O2 was added. Ulva zoospores did not, in general, respond to the 
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concentration of H2O2. Some of the reduction in settlement for the barnacle cyprids and 

tubeworm larvae may be due to physical changes of the surface by the H2O2 or by biological 

response to the presence of H2O2 instead of the supposed hypohalous acid products.  

Chemical treatments to alter the surface chemical behavior have been attempted to prevent 

fouling. Poly(ethylene glycol) (PEG) has been used to modify surfaces, because of the ability to 

prevent adsorption of a variety of proteins. Diatoms, Ulva spores, and the marine bacterium 

Cobetia marina have shown reduction in settlement on surfaces treated with PEG chemistries. 

Zwitterionic polymers have shown good resistance to protein fouling, and have the potential to 

reduce marine fouling.38, 39 

Natural antifoulants 

Certain species of marine organisms have developed their own versions of antifoulants. 

Species of marine bacteria and diatoms have been shown to inhibit a variety of other foulers.40 

At least 14 marine bacteria species have been found to produce compounds that inhibit the 

settlement of barnacle or tubeworm larvae. Various algal species are inhibited by specific 

compounds produced by at least 12 species of marine bacteria. Some diatom species produce 

antifouling compounds targeting various species. These natural products have several problems 

regarding their use as commercial antifoulants. The bacteria are themselves very difficult to 

cultivate, with approximately 95% of strains considered uncultivable. Even when a bacterium is 

known to produce an antifouling compound, the identity of the active compound may not be 

known. The compounds are naturally produced in such small quantities that cultivation is not 

feasible and are too complex to be synthesized commercially.  

Instead of collecting the antifouling compounds produced by some species and making a 

coating using the compounds, one proposed approach is to produce a coating that incorporates a 

constant supply of the compounds: the cells themselves.41 Biofilms of certain species of marine 
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bacteria have been shown to inhibit barnacle larvae, tubeworm larvae, algal spores, other 

bacteria, and fungi. Unfortunately, no species so far identified inhibits all of these foulers, and a 

combination of these species would be required.  

Surfaces that incorporate biological cells to prevent biofouling are called “living paints”.42 

A major problem in formulating a living paint is choosing the correct matrix material. The matrix 

must be stable in seawater, must allow the encapsulated cells to thrive, and must control the 

diffusion of the biologically-produced antifouling compound. The matrix must be selected such 

that all steps in which the cells are present are performed in conditions, which will not kill the 

cells. Any process which requires heat or solvents may render the living paint ineffective. In one 

report, encapsulated cells were viable after up to a year of storage, indicating that some 

formulations are possible to allow for long enough storage life to allow for manufacture and 

storage. In the field, these surfaces inhibited fouling for up to 7 weeks, but the cells died shortly 

thereafter.  

Natural topography 

Some marine organisms have developed specialized topographies to prevent fouling. 

Crabs, mussels, the eggcases of dogfish, and brittle stars all have surfaces that resist fouling.43 

Cancer pagurus, a crab species, has surfaces with multiscale topographical structures. Features 

include large circular features approximately 200 µm in diameter and smaller, 2 µm pillar-like 

structures. Ridges or ripples are found on the Mytilus edulis, a blue mussel, and Scyliorhinus 

canicula dogfish eggcases. The mussel surface has ripples approximately 1-1.5 µm wide, while 

the eggcases had ridges separated by between 15 and 115 µm. The brittle stars Ophiura texturata 

have surfaces with pillar-like structures approximately 10 µm in diameter.  

The natural topographies of the above surfaces were examined as potential designs for 

antifouling coatings.44 The topographies were isolated from other potential antifouling factors 
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and mechanisms by molding the surfaces and creating castings. These surfaces all elicited 

different fouling responses. The crab surface repelled macrofoulers, while the dogfish eggcase 

and star repelled microfoulers. The dogfish eggcase and mussel topographies decreased barnacle 

cyprid settlement, but the effect of topography on barnacle cyprid settlement decreased over 

time. The surfaces of several bivalve shells and molds with a pronounced topography prevented 

fouling in early exposure times. Even the sanded surface showed inhibitory effects on fouling for 

short submersion periods. The grooved shell of Mytilus galloprovincialis remained resistant to 

fouling after 12 weeks, while the mold of this surface and the sanded surface became fouled. 

Mollusk and gastropod shells, each with different natural topographies, were shown to have 

different resistance to fouling and different foul release properties.45 These natural surfaces 

provide some direction for antifouling coating design, but factors and mechanisms other than 

topography likely contribute to the antifouling characteristics of these surfaces. 

Artificial topography 

Other research has attempted to create new topographical patterns. Artificial topographies 

allow for the design of surfaces following knowledge and theories of cell behavior. These 

surfaces are, in general, easier to define and have the potential to be produced in a scaled-up 

process. Typically, work begins with simple structures such as channels or pillars, and may adapt 

to involve more complex topographies. The process of engineered topographical design has 

typically focused on one organism at a time. This approach allows for theories to be developed 

for the fouling response of each organism to topographies. The eventual goal is to design 

topographies to prevent fouling by many species. Most of the work has been performed on 

species of Ulva linza, barnacles, and diatoms. These species range from microfoulers (diatoms) 

to micro/macrofoulers (Ulva linza) to macrofoulers (barnacles). 
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Ulva linza: The response of the fouling macroalga Ulva linza to engineered topographies 

has been progressed from relatively simple ridge/channel topographies to complex topographies 

involving multiple types of features. The Ulva spores, whose bodies are approximately 5 µm in 

diameter, settled in higher numbers into channels that were at least 5 µm wide than on the 

smooth surface.7 The spores settled in depressed regions (i.e. bottoms of channels instead of tops 

of ridges), specifically in locations where the spore could contact both a wall and the channel 

floor. In the case of 5 µm channels, the spores could come into contact on three sides with the 

substrate: both sides of the channel walls and the channel floor.  

Pillars were also evaluated, and the spores settled in higher numbers as the spacing 

between the 5 µm pillars decreased. The spores grouped in contact with the pillars, similar to the 

preference to contact at least one wall in the channel surfaces. In both the channels and pillars 

surfaces, taller (or deeper) features caused the increase in settlement to be more pronounced. 

The theory of the critical dimension was developed from the data on Ulva spore settlement 

on ridges/channels and pillars. The authors theorized that if the spore could penetrate between 

the features and contact multiple surfaces, it would settle in higher numbers, but if the spore 

could not penetrate the region between the features, settlement would be decreased. For the case 

of the Ulva spores, whose diameters are approximately 5 µm, features spaced by less than 5 µm 

should reduce settlement. 

A surface was designed to prevent the Ulva spore from penetrating the topographical 

features in part to test the critical dimension theory.46 The Sharklet AF™ is a pattern of repeating 

rectangles and was designed around the 2 µm dimension. This surface is shown in Figure 2-1. 

The Sharklet AF™ was the first topography shown to reduce settlement of Ulva spores, reducing 

Ulva settlement by 86% relative to smooth poly(dimethyl siloxane) elastomer (PDMSe). Wider 
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channels increased settlement as was observed in the previous study. The effect of height of the 

Sharklet AF™ surface was evaluated, and the height heavily influenced the settlement of Ulva 

spores.9 

 
 
Figure 2-1. Scanning electron micrograph of Sharklet AF™ surface 

Further testing of the critical dimension theory was performed when the Sharklet AF™ 

was tested against several other topographies with 2 µm feature spacing.47 Channels and 

hexagonally packed pillars 2 µm wide and spaced by 2 µm and a pattern of both pillars 2 µm 

wide and triangles 10 µm long were evaluated for Ulva settlement. All of these surfaces inhibited 

Ulva spores relative to the smooth surface, as was expected from critical dimension. However, 

not all of the surfaces performed with equal efficiency. The Sharklet AF™ showed the greatest 

inhibition, inhibiting spores by 77%, and showing approximately 65% better performance than 

both the pillars and the channels. The triangle and pillars topography, containing both triangles 

and pillars, performed better than the channels and the pillars topographies, but not as well as the 

Sharklet AF™. 

The Engineered Roughness Index (ERI) theory was developed from the data on the 2 µm 

spaced surfaces.47 The Ulva spore settlement correlated to the ERI, an empirical relation 
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involving the Wenzel roughness ratio, the area fraction of solid surface, and the degrees of 

freedom of movement for a spore exploring the surface. 

The effect of engineering nanoforce gradients between topographical features was 

examined using surfaces composed of one or two features existing in the Sharklet AF™.48  Six of 

these surfaces, along with smooth and Sharklet AF™, were tested for Ulva spore settlement. The 

calculated gradient between the forces required to deflect adjacent features 10% varied between 

0 nN and 370 nN. The Ulva settlement in general decreased with increasing force gradient, but 

the Sharklet AF™, which contains 4 distinct rectangular features, outperformed all of the one- 

and two-element surfaces, despite having gradients between features of only 125 nN. This result 

indicated that the Ulva spores respond to these gradients, and that the gradients alone are not 

enough to explain the differences in settlement. This theory has the potential to be incorporated 

into a predictive model, but the theory is not itself predictive. 

The settlement behavior of the Ulva linza spores on topographies is highly influenced by 

the dimensions of the topography. The response to topography is more complex than simply 

preventing the spore from touching the floor of the topography, as evidenced by the differing 

spore response to the various surfaces with 2 µm feature width and 2 µm spacing. Further 

examination of the topographical response to the Engineered Roughness Index is needed to 

develop a predictive model for Ulva spore settlement on engineered topographies. 

Diatoms: Information on diatom response to topography has been limited to a few studies 

on simple ridge/channel topographies.8 Several species of raphid diatoms were used to evaluate 

diatom response to these sinusoidal ridge/channel topographies. The species ranged in width 

from 1 µm to 7 µm and in length from 3 µm to 14 µm. Topographies with ridges 1 µm separated 

by 1 µm channels and ridges 2 µm separated by 2 µm channels were tested along with a smooth 
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control. The largest two of the four species were inhibited from attaching to the ridge 

topographies, with the 2 µm wide 2 µm spaced ridges outperforming the 1 µm wide 1 µm spaced 

ridges. The projections topography provided limited reduction in the attachment of these two 

largest diatom species. The smallest species did not respond differently among the surfaces. The 

species intermediately sized attached in higher numbers on the 1 µm wide 1 µm spaced ridges 

than to the smooth control, but the other topographies did not affect the attachment.  

These results led to the Attachment Point Theory: the theory that the attachment of diatoms 

is determined by the number of points to which the diatom cell can attach.49 This theory 

attempted to explain the dependence of size on the response to the topographies. An expanded 

study used sinusoidal ridge/channel topographies varying in scale from 1 µm to 250 µm in width 

and spacing for several species of fouling organisms. The results of this study were consistent 

with and expanded to new species the theory presented by Callow et al., 2002 indicating some 

fouling organisms have a critical dimension at which fouling is decreased. Attachment point 

theory has not been developed to the point of being predictive. The theory should have the power 

to determine the rank of surfaces with limited attachment points, but this approach has not been 

verified. 

Barnacles: The fouling response of the larval stage of barnacles of several species has 

been evaluated on several types of topographies, ranging from castings from meshes to single 

element designs to a larger version of the Sharklet AF™. In a field study in Sweden, Balanus 

improvisus barnacle cyprids settled in fewer numbers on pyramids and sawtooth channels at least 

46 µm tall and twice as wide at the base.50  The sawtooth channels were more effective at 

inhibiting the barnacle cyprids than the pyramids of similar dimensions. Topographical surfaces 

cast from a variety of mesh structures provided topographical features ranging in size. The 
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resulting protrusions ranged in height from approximately 20 µm to 100 µm and from 20 µm to 

500 µm in lateral dimensions. These topographical surfaces inhibited fouling by Balanus 

improvisus by approximately 80% relative to smooth, and topographies with approximately 20 

µm in height showed the best performance.51, 52 

Balanus amphitrite barnacle cyprids have been shown to have reduced settlement on both 

channels and the Sharklet AF™ when the feature size and spacing is 20 µm, an order of 

magnitude larger than for Ulva spores. The Sharklet AF™ surface inhibited settlement of the 

cyprids only slightly better than the channels. This small difference is a contrast to the response 

of Ulva, where the Sharklet AF™ surface greatly outperformed the channels. As with the Ulva 

spores, height was found to be a major factor in influencing settlement of Balanus amphitrite 

cyprids. Interestingly, both the Ulva spores and Balanus amphitrite cyprids responded with 

nearly identical slopes to the aspect ratio of the features.9 

The searching behavior of barnacle cyprids is influenced by topographies, indicating a 

likely reason for the reduction in settlement. Balanus improvisus cyprids spent approximately 

90% of their time exploring a smooth surface in the laboratory. In contrast, cyprids spent most of 

the time swimming above the surface after a short probing period when exploring topographical 

surfaces at least 20 µm in dimension. These behavioral patterns indicate the cyprids cannot find 

suitable settlement locations on the topographical surfaces and swim away to begin searching for 

another location.52 

Multi-scale surfaces 

Fouling organisms respond to different topography length scales, as indicated by the work 

described above. Surfaces with multiple length scales of regular topography have been 

developed in an attempt to reduce fouling by several organisms. One such surface combined a 

barnacle-inhibiting topography and an Ulva-inhibiting topography, shown in Figure 2-2. In this 
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surface, the Sharklet AF™ with features 2 µm wide and spaced by 2 µm were imposed on 

channels 20 µm wide and spaced by 20 µm. Unfortunately, Ulva spores settled in higher 

numbers on these hierarchical surfaces relative to smooth.9 

 
 
Figure 2-2. Hierarchical structure with spore-specific Sharklet AF™ and 20 µm wide ridges 

Another hierarchical surface contained less well-defined wrinkles with five generations of 

hierarchical wrinkling. This surface was created using a process in which a strained PDMSe 

substrate was exposed to UV and ozone to create a rigid skin, and the imposed strain was 

subsequently released.53 The Ulva spores settled in the wrinkles and cracks of the wrinkled 

surfaces. Field tests showed that the hierarchical wrinkled surfaces inhibited fouling by 

barnacles, and some of the other fouling was more easily removed than on the smooth surface. 

However, diatoms adhered strongly and could not be removed from the recessed regions. 

The experimental work on these foulers indicates that further examination is required to 

understand the response of these organisms to engineered topographies. Each of the organisms 

described above responds to topography, but these foulers respond to at least two different length 

scales. 
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Models for Fouling 

Several models have been developed for fouling, but none have been shown to be 

predictive. The critical dimension theory appears to be applicable to Ulva, diatoms, and barnacle 

cyprids, though this theory only provides a guide to the length scale. The critical dimension 

theory does not account for differences in settlement among surfaces that prevent the organism 

from penetrate areas between features.  Ulva has been shown to respond differently to 

topographies of similar dimension. Limited evidence with diatoms suggests there may be 

differences in attachment for different geometries. The theory that force gradients direct Ulva 

settlement did not fully explain differences among Ulva settlement, but did show promise if it 

were to be incorporated into a more developed model. The Engineered Roughness Index 

correlated with Ulva settlement, but the ERI theory has not been tested with other data sets. The 

ERI theory has the potential to be predictive for Ulva, but the predictive power has not yet been 

tested. Attachment point theory for diatoms has not progressed to the point of being predictive, 

and is very similar to the critical dimension theory. 

Additional work would provide insight into new models for fouling or to further develop 

current models. Predictive models would be useful in the design of new surfaces. Combining 

models and theories for multiple organisms would potentially lead to surfaces that resist fouling 

by multiple organisms. 

Surface-Wide vs. Local Characteristics 

The work being performed on many of these experimental surfaces can be split into the 

scale of their focus. Some work is focused on the characteristics of the surface as a whole, while 

others are focused on the characteristics on scales which match the fouling organisms. Both sets 

of characteristics have been shown to affect cell response. Ulva spores and marine bacteria C. 

marina respond to changes in uniform surface chemistry, but Ulva spores are also affected by 
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patterns of surface chemistry on a scale similar to the cell body. Topography changes the 

wettability of a surface, but the local properties of the topography have been found to be 

important. Organisms which search for a suitable position on the surface include Ulva spores, 

diatoms, and barnacle cyprids. This searching behavior indicates that they are sensing local 

properties, though they may also sense longer-range properties. 

Local Position Preference 

Several foulers have been shown to prefer certain localized regions of topographical and 

chemical surfaces. However, studies of this preference have been limited to either simple 

geometries (i.e. channels/ridges or pillars) or to observational evidence. 

Ulva linza spores have been shown in a number of studies to settle in depressed regions of 

topographies, especially when the spore can touch both the side of a feature and the floor 

region.7, 54, 55 Both Ulva spores and diatoms settled in depressions on hierarchically wrinkled 

surfaces.53 Several species were found to foul preferentially in pits between hemispherical 

protrusions on the millimeter scale.56 Various bacteria species were found to attach in channels 

and to align within channels.57, 58 Pseudomonas aeruginosa and Pseudomonas fluorescens under 

flow attached to downstream edges of ridges an order of magnitude larger than the cells. The 

preferential settlement of Ulva spores to localized locations extends to chemical patterns, at least 

for one dimensional stripes (analogous to ridges/channels). The spores prefer fluorinated 

chemical stripes instead of poly(ethylene glycol)-modified chemical stripes.59 

Preferential locations for Ulva settlement have been observed on the Sharklet AF™ and 

two-element topographical designs. Spores were observed to settle centered between at least two 

features of the Sharklet AF™, specifically between adjacent diamond patterns.46 The spores 

could not penetrate the pattern, and instead bridged the features. This preference was again 

observed on surfaces with two rectangular elements spaced at the 2 µm critical dimension for 
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Ulva.48 One surface with 2 µm pillars and 10 µm rectangles, the Ulva spores avoided the 

triangles, despite being able to entirely fit on the triangles.47  An example of spores settling in 

locations between features is shown in Figure 2-2. 

 
 
Figure 2-2.  Spores settled between adjacent diamonds on the Sharklet AF™ surface 

The preferential settlement locations were not quantitatively evaluated and relied on 

observational evidence in all these studies of surfaces more complex than a single element. There 

has been limited work performed using one-dimensional analysis for cell preference on channel 

topographies.7  No studies on two-dimensional quantitative analysis of cell preference have been 

identified. Quantitative analysis would allow for the identification of preferential sites, some of 

which may not be apparent with observational analysis. 

Studies indicating organism preference within a surface, such as within depressed regions, 

channels, etc. are further evidence for local properties influencing cell response. Because 

organisms may respond both to long range and local properties, both approaches may provide 

insight into cell behavior. 

Summary 

Biofouling is a problem that affects many aspects of our lives, and creates significant 

economic and ecological concerns in the marine environment. New technologies are needed to 
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effectively combat marine fouling without releasing toxic substances. Topography is one 

approach to combat fouling, and this approach can be combined with other technologies such as 

surface chemistry and bulk materials. Surface-wide characteristics and models and localized 

models would aid in developing new models and new surfaces to combat fouling. 
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CHAPTER 31

POTENTIAL FOR TUNABLE STATIC AND DYNAMIC CONTACT ANGLE ANISOTROPY 
ON GRADIENT MICROSCALE PATTERNED TOPOGRAPHIES 

Introduction 

Topographies, including those used for antifouling, change the shape and movement of 

water on the surface. The wettability of the surface has been linked to biofouling by bacteria and 

algae,38 and linked to cell attachment.60 Surface wettability has been shown to affect the adhesion 

strength of fouling Ulva spores and the shape of the adhesive pad the spores use to attach to the 

surface.32, 61 Changes in the wettability due to topography may influence the cell behavior and 

should be carefully investigated. 

The shape and movement of the fluid are characterized by the static contact angle and 

dynamic contact angles. There is some limited evidence that anisotropy existed in the static and 

dynamic contact angles on continuous channel or ridge topographies of various sizes.62-66 

Experimental work on anisotropic wetting on topographies of discontinuous features is lacking in 

the literature. 

The most common measures of wettability are the static contact angle (also called the 

apparent contact angle) (θ′), the advancing contact angle (θA), the receding contact angle (θR), the 

slip angle (α), and the contact angle hysteresis (θA- θR). The advancing and receding contact 

angles are the contact angles as a liquid wets or dewets a surface, respectively. The contact angle 

hysteresis is the difference between the advancing and receding contact angles. The slip angle is 

the angle required to cause a liquid drop to slide off of a surface, causing the drop to wet the 

surface at the advancing front, and dewet the surface at the receding front.67 These values are 

shown in Figure 3-1. 

                                                 
1 Reproduced with permission from Langmuir, in press. Unpublished work copyright 2009 American Chemical 
Society 
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Surface topography has been shown to alter the apparent contact angle by either increasing 

the true contact area of the solid-liquid interface,68 or by entrapping air and forcing the apparent 

solid-liquid interface to become a composite of solid-liquid and solid-vapor interface.69 Wenzel 

described the change in contact angle as an increase in the true solid-liquid interface using 

Equation 3-1. 

 
 
Figure 3-1. Schematic of static and dynamic contact angles of sessile liquid drops 

θθ coscos r=′               (3-1) 

In Equation 3-1, θ′ is the apparent contact angle, θ is the contact angle on a smooth surface, 

and r is the ratio of the total surface area to the projected surface area.68 The influence of trapped 

air was described by Cassie and Baxter by Equation 3-2. 

1coscos −+=′ ff θθ              (3-2) 

In Equation 3-2, f is the area fraction of the projected surface area which is filled by 

topographical feature tops. The value f represents the area fraction of solid-liquid interface below 

the liquid drop when the drop is supported by both solid area and trapped air. The Cassie-Baxter 
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equation has been used to predict the static, advancing, and receding contact angles for a liquid 

in the Cassie-Baxter regime if these contact angles for the smooth surface are known.69 

The wetting regime—Wenzel, Cassie-Baxter, or a wicking regime—can be predicted using 

a lower and upper critical contact angle for an equivalent smooth surface. Non-smooth surfaces 

are expected to exhibit Cassie-Baxter wetting when the equilibrium contact angle on an 

equivalent smooth surface, θ, exceeds an upper critical value, given by Equation 3-3. 
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In Equation 3-3, f is the area fraction of the projected surface area which is filled by 

topographical feature tops and r is the Wenzel roughness value. A wicking regime, characterized 

by fluid spreading between the features, is predicted to occur when θ is below the lower critical 

value given by Equation 3-4 with the same variable nomenclature as in Equation 3-3: 
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Wenzel wetting is expected to occur when θ lies between the θLC and θUC.70 Surfaces with 

translationally symmetric topographies—such as regularly spaced channels,46, 50, 65, 71, 72 arrayed 

pillars,46, 65, 67, 71-78 arrayed pits,72, 75, 79 and patterns of combinations of various geometric 

shapes46-48, 50—have shown increases in contact angles due to the roughness of the surface. The 

increase in contact angle due to the translationally symmetric topographies has been largely 

attributed to Wenzel and Cassie-Baxter wetting as described by Equations 3-1 and 3-2. Recently, 

the issue of whether the contact angle of the drop is defined by the properties of the entirety of 

the surface under the drop body or only the surface immediately under the three-phase contact 

line has been discussed.80-83 
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For the slip angle, a dynamic contact angle measurement, Miwa et al. derived an equation 

relating the slip angle to the apparent contact angle for rough surfaces that exhibited mixed 

regimes of Wenzel and Cassie-Baxter behavior: 
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In Equation 3-5, r is the roughness ratio of the true solid-liquid interface, k is the 

interaction parameter for the liquid and smooth surface, θ is the contact angle of the smooth 

surface, θ' is the apparent contact angle of the rough surface, g is the gravitational constant, m is 

the mass of the drop, and ρ is the density of the drop. In Equation 3-5, the term 

(cosθ′+1)/(rcosθ+1) is equal to the value of f in Equation 3-2. The interaction parameter k used 

in Equation 3-5 can be calculated using a smooth surface of the same material and the following 

relation: 
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Equations 3-5 and 3-6 can be used to predict the slip angle for drops in the Wenzel and 

Cassie-Baxter regimes by altering the parameters as described in Miwa et al. for mixed 

regimes.84 

Theoretical calculations by Wolansky and Marmur predict that anisotropy of the static 

contact angle on translationally symmetric topographical surfaces will not occur when the 

features are sufficiently small compared to the size of the water droplet.85 One numerical 

examination predicts that when the features are large enough such that a liquid drop resides on 

only a small number of ridges, contact angle anisotropy of the static contact angle occurs.62 

Several studies have reported angular dependence of the static contact angles on hydrophobic 

ridges at least 20 µm in width. On these surfaces, the contact angle has been reported to be 
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between 15° and 23° higher when the drop is viewed perpendicular to the ridges than when 

viewed parallel to the ridges.62, 63, 71 Hydrophobic ridges 5 µm in width, separated by between 5 

and 20 µm have been reported observationally to alter the shape of 2 µl drops, but the angular 

dependence was not quantified.46 One report was found of contact angles on surfaces containing 

ridges of center to center distance of 396 to 513 nm, two orders of magnitude smaller than the 

reports cited above.64 In the report, 3 µl drops exhibited anisotropy in the static contact angles by 

between 2.1° and 13.7°, increasing both with depth and with increasing wavelength. Even these 

small wavelength ridges were not small enough compared to the 3 µl drops to satisfy the size 

limit described by Wolansky and Marmur required to eliminate static contact angle anisotropy. 

The literature addressing the anisotropy in the dynamic contact angles—the wetting and 

dewetting behavior–on translationally symmetric topographical surfaces is even more limited 

than that of static contact angle studies. One study reported anisotropy in the contact angles of 

water on ridges 1 µm wide and tall.65 The advancing and receding angles were higher by 18° and 

7°, respectively, when the drop was moving perpendicular to the ridge features compared to the 

drop moving parallel to the ridge features. Another study using ridges with wavelengths of 396 

and 513 nm reported anisotropy in the contact angle hysteresis on these small features.64 

Aluminum ridges 30 µm in width exhibited approximately 30° higher advancing contact angle in 

the direction perpendicular to the ridges than parallel to the ridges.66 Evaluation of the anisotropy 

in slip angles on translationally symmetric topographies is also extremely limited in the 

literature. One reference showed a 20° anisotropy in the slip angle of water on ridges 50 to 150 

µm wide when the drop is moving perpendicular to the ridges.71 

Several natural surfaces have been observed to exhibit dynamic contact angle anisotropy. 

The rice leaf Oryza sativa, which has microscopic papilla arranged with order in one dimension 
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and randomly oriented in the other, exhibits anisotropy of up to 15 ° in the slip angle for an 

unreported drop size.86 Water striders exploit sliding angle anisotropy of groove-like structures 

on the hair of their legs.87 The anisotropy allows the strider’s legs to glide on top of the water or 

to generate large propulsion forces depending on the orientation of the structures with respect to 

motion against the water. Microstructures and flexible nanostructures on the wings of the 

Morpho aega butterfly control the sliding of water droplets.88 The water droplets slip radially 

outward from the butterfly’s body in a Cassie-Baxter state, but are pinned by a Wenzel-like state 

if the drop motion is toward the body. 

Translationally symmetric chemical patterns compose another form of surfaces with 

engineered heterogeneity. Several studies have reported contact angle anisotropy on microscale 

chemically patterned surfaces. Chemically heterogeneous stripes approximately 1-20 µm in 

width have been shown to exhibit anisotropic static, advancing, and receding contact angles and 

slip angles. The values for all of these characteristics were higher in the direction perpendicular 

to the stripes than in the direction parallel to the stripes.89 Advancing and receding contact angles 

on chemically heterogeneous stripes 2.5 µm thick were 2-10º higher when drops traveled 

perpendicular to the stripes than when drops traveled parallel to the stripes.90 Chemical gradients 

on scales much larger than the drop size have exhibited interesting behavior, such as a liquid 

drop moving up an incline when the surface energy change is large and the contact angle 

hysteresis is small.91 

The authors in the above cited literature examined only surfaces based on 

channels/ridges/stripes, which are continuous along the length of the features, or complex natural 

surfaces. Anisotropy in the static and dynamic contact angles on ridge or channel surfaces have 

been attributed to discontinuity in the three-phase contact line and the resulting energy barriers.64, 
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71 When the contact line is prevented from moving, the contact line is said to be pinned. The 

continuous nature of the features in one direction imposes no barrier to motion in the direction 

along the features, while creating energy barriers in the direction perpendicular to the features. In 

contrast, discontinuous small-scale topographical features, such as microscale rectangular 

features, may cause the surface to exhibit little, or even no, anisotropy in the static and dynamic 

contact angles due to energy barriers to motion in all directions. 

We have developed a series of micro-topography gradients intended as anti-fouling 

surfaces for use in the marine environment.48 Of special note is the gradient surface denoted 

Sharklet AF™, which has shown consistent antifouling behavior over numerous in vitro 

studies.9, 46-48 The features of these surfaces are at the smaller end of the range of dimensions 

examined for contact angle anisotropy in previous reports. These gradient surfaces exhibit 

anisotropies in feature lengths and arrangements. The micrometer-scale features are rectangular, 

parallel, and discontinuous along the length of the surface. The features are approximately 2 µm 

wide, 3 µm tall, and spaced by approximately 2 µm (Figure 3-2). The Sharklet AF™ surface 

contains features 4, 8 12, and 16 µm long; GR0 contains features 4 µm long; GR1 contains 

features 4 and 8 µm long; GR2 contains features 4 and 12 µm long; GR3 contains features 4 and 

16 µm long; GR4 contains features 8 and 12 µm long’ and GR5 contains features 12 µm long.  

The well defined, regular geometries allow for prediction of static and dynamic contact 

angles and wetting regimes. The Ridges topography was expected to exhibit significant 

anisotropy on both the static and dynamic contact angles. In contrast, the gradient surfaces (GR0 

through GR5 and Sharklet AF™) were expected to exhibit greatly reduced static and dynamic 

contact angle anisotropies, with the possibility that no contact angle anisotropy would be 
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observed on these surfaces. This report includes the directional dependence of the static and 

dynamic contact angles for this series of microtopographies.  

Materials and Methods 

Silicon wafer mold fabrication, poly(dimethyl siloxane) elastomer (PDMSe) material 

preparation, casting method, and slide preparation have been described in detail previously.48 A 

brief overview is provided here. 

 
 
Figure 3-2. Scanning electron micrographs of the gradient and ridge surfaces. 

Topographical Surfaces 

The topographical surfaces used in this study have been described previously.48 The 

Sharklet AF™ four-element gradient and two-element Gradient surfaces 0 through 5 (Figure 3-2) 

were designed to have heights of 3 µm tall and widths and spacing of 2 µm. The feature lengths 

vary from 4 μm to 16 μm. The term “gradient surfaces” refers to the Sharklet AF™ and Gradient 

surfaces. A ridge topography, consisting of ridges approximately 3 μm tall, 2 μm wide, and 

spaced by 2μm was used for comparison. 
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Silicon Wafer Molds 

Silicon wafers 4 inches in diameter and of the (100) orientation were patterned using 

photolithographic techniques and etched using deep reactive ion etching as described 

previously.48 The etched wafers were used as negative molds for the topographically modified 

surfaces. Using these methods, photoresist coated silicon wafers were exposed through a 

photomask containing the pattern designs, and the photoresist was developed. Deep reactive ion 

etching was used to etch the negative pattern to a depth of 3 μm into the silicon wafers. Each 

wafer was cleaned of photoresist with an O2 plasma etch, followed by vapor deposition of 

hexamethyldisilazane to prevent bonding of the silicon wafers to the SILASTIC® T-2 PDMSe in 

the replication process. This process produced silicon wafer molds with topography inverted so 

that the cast product will contain the desired topography. 

Material 

The platinum catalyzed SILASTIC® T-2 PDMSe (Dow Corning® ) system was prepared 

by mixing ten parts resin and one part curing agent by weight for 5 minutes, followed by 

degassing under vacuum for 30 minutes. The degassed mixture was cured against silicon molds 

for 24 hours at approximately 22°C. Following casting, the surfaces were rinsed with 95% 

ethanol in water, blown with compressed nitrogen gas, and stored for 24 hours prior to testing. 

Contact Angle Characterization 

Contact angle characterization was performed using a Ramé-Hart contact angle goniometer 

with an automated drop dispenser, image capture system, and a tilting stage. Contact angles were 

measured on captured images using the angle function in ImageJ.92 Nanopure water with 

resistivity greater than 17 MΩ-cm was used for all contact angle measurements. Static water 

contact angle images were captured after placing a 5 μl drop on the surface. Slip angle images 

were captured by tilting the stage at approximately 1°/s until the drop began to slip. The angle at 
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which the stage was tilted was recorded as the slip angle. Images captured at the slip angle were 

analyzed to measure the advancing water contact angles and receding water contact angles at the 

leading and following edges, respectively, of the slipping drop. 

To evaluate the contact angles and slip angle as a function of surface orientation, the 

orientation of the topographical surface was varied with respect to viewing angle and drop 

motion systematically. The orientation was varied such that the drop slid in a direction parallel 

to, perpendicular to, or at a 45° angle to the elongated direction of the features. The directions are 

illustrated in Figure 3-3. Three drops were used on each surface at each rotation, for a total of 

nine drops per sample. Nine drops were used on the smooth surface, as no directionality was 

present in the surface. Advancing and receding water contact angles and slip angles were 

measured using tilted 20 μl drops for the smooth and ridges surfaces only, because the 5 μl drops 

did not slip off of the smooth surface and did not slip off of one rotation of the ridges surface. 

The static water contact angles on the smooth and ridges surfaces were measured using 5 μl 

drops for comparison to the gradient surfaces. The contact angle hysteresis was calculated by 

subtracting the receding water contact angle from the advancing water contact angle for each 

captured image at the slip angle. 

Prediction of Wettability Characteristics on Topographical Surfaces 

Scanning electron micrographs of the cross-section of each surface were analyzed using 

ImageJ for dimensions of feature height, width, and spacing. The roughness ratios and area 

fractions of feature tops for each surface were calculated from the feature dimensions determined 

from SEM analysis. The wetting regime for each surface was predicted by comparing the static 

contact angle for the smooth PDMSe surface to the critical values described by Equations 3-3 

and 3-4 for each topographical surface. The static, advancing, and receding water contact angles 
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were predicted for each topographically modified surface using the appropriate equation for the 

wetting regime. 

 
 
Figure 3-3. Illustration of the convention used to denote directionality. Arrows represent 

direction of drop motion: A) perpendicular to features, B) 45° offset from features, 
and C) parallel to features. 

All surfaces were predicted to exhibit Cassie-Baxter wetting, and contact angles were 

predicted using Equation 3-2. The predicted contact angle hysteresis for each surface was 

calculated by subtracting the predicted receding water contact angle from the predicted 

advancing water contact angle. The interaction parameter for PDMSe-water was calculated using 

Equation 3-6 and the slip angle and static contact angle values measured for 20 μl drops on 

smooth PDMSe. The predicted slip angle for each surface was calculated with Equation 3-5 

using the measured static water contact angles for each surface and the interaction parameter 

calculated from the smooth PDMSe surface. 

Results and Discussion 

Predicted vs. Experimental Measurements 

The static water contact angles and the slip angles for 5 µl drops and the dynamic 

wettability measurements for 20 µl drops measured on smooth PDMSe are shown in Table 3-1. 
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All measurements are reported as the average of the measurements and the 95% confidence 

interval. The static and dynamic contact angles on smooth PDMSe are in excellent agreement 

with measurements previously reported on the same material formulation using the Wilhelmy 

Plate method.54 The slip angle was not measured in the previous report, so no comparison can be 

made for this measurement.  

Analysis of the scanning electron micrographs reveal that the heights of the surfaces varied 

from 2.3 µm to 2.6 µm, widths varied from 1.8 µm to 2.4 µm, and the spacing varied from 1.6 

µm to 2.2 µm among the sample surfaces. The roughness ratios, area fractions of the tops of the 

features, and predicted wetting regimes for the surfaces tested are shown in Table 3-2, as 

determined from the measured dimensions. 

Table 3-1. Contact angle data for smooth PDMSe 
Drop size Wettability characteristic Measurement 

Static contact angle 113º ± 1° 5 µl Slip angle >90º 
Advancing contact angle 118º ± 1º 
Receding contact angle   72º ± 7º 
Contact angle hysteresis   46º ± 7º 20 µl 

Slip angle   81° ± 19° 
 
Table 3-2. Calculated surface parameters for topographies 
Surface r f θLC θUC Wetting regime 
Ridges 2.3 0.60 71° 104° Cassie-Baxter 
GR0 2.2 0.35 77° 110° Cassie-Baxter 
GR1 2.3 0.43 75° 108° Cassie-Baxter 
GR2 2.3 0.42 76° 109° Cassie-Baxter 
GR3 2.2 0.38 76° 110° Cassie-Baxter 
GR4 2.2 0.44 75° 108° Cassie-Baxter 
GR5 2.2 0.45 74° 109° Cassie-Baxter 
Sharklet AF™ 2.3 0.48 74° 107° Cassie-Baxter 
Roughness ratio (r), area fraction of feature tops (f), lower critical contact angle (θLC), and upper 
critical contact angle (θUC). 
 

All of the topographical surfaces used in this study were predicted to exhibit Cassie-Baxter 

wetting, due to each surface having a θUC below the experimental value for smooth PDMSe. The 
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predicted advancing, receding, and static water contact angles and the corresponding 

experimentally measured contact angles are shown in Table 3-3, and are represented with 95% 

confidence intervals. Because the predictive models do not account for any directionality, 

measurements from all three surface orientations are included in the measured values in Table 3-

3. The measured static contact angle on the Sharklet AF™ surface was consistent with the 

previously reported value of 135°±3°.46 

Table 3-3. Predicted and measured static, advancing, and receding water contact angles on 
topographies with 95% confidence intervals 

 θ′ θA θR θA- θR 
Surface Pred. Meas. Pred. Meas. Pred. Meas. Pred. Meas. 

Ridges 130º 128º 
(±8º) 133º 138º 

(±15º) 102º 106º 
(±3º) 31º 32º 

(±19º) 

GR0 142º 138º 
(±2º) 144º 163º 

(±1º) 123º 128º 
(±4º) 22º 35º 

(±5º) 

GR1 138º 134º 
(±2º) 140º 156º 

(±3º) 116º 119º 
(±3º) 25º 37º 

(±5º) 

GR2 138º 136º 
(±1º) 141º 154º 

(±4º) 117º 118º 
(±5º) 24º 36º 

(±7º) 

GR3 141º 134º 
(±4º) 143º 152º 

(±6º) 121º 121º 
(±3º) 23º 31º 

(±8º) 

GR4 137º 135º 
(±2º) 140º 158º 

(±3º) 115º 116º 
(±3º) 25º 42º 

(±6º) 

GR5 137º 137º 
(±3º) 140º 157º 

(±3º) 114º 116º 
(±4º) 25º 41º 

(±4º) 
Sharklet 
AF™ 
(+3SK2x2) 

135º 135º 
(±2º) 138º 160º 

(±2º) 112º 112º 
(±3º) 26º 48º 

(±5º) 

 
For the surfaces tested, the Cassie-Baxter equation predicted the static contact angles to 

within 3° on average and the receding contact angles to within 2° on average. The advancing 

contact angles and contact angle hysteresis values were not predicted as accurately as the static 

and receding contact angles. The advancing contact angle was an average of 15° higher than 

predicted. The contact angle hysteresis was also an average of 13° higher than predicted, largely 

due to the under-prediction of the advancing contact angle by a similar number of degrees. All of 
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the measured contact angles over all of the surfaces were statistically significantly different than 

the predicted values (α = 0.05). The large standard deviations on the measurements for the ridges 

surface are due to the large anisotropy in contact angles on ridges. 

The interaction parameter was calculated from the contact angle data for the 20 µl drops on 

smooth PDMSe using Equation 3-6. From 4 distinct 20 µl drops, the interaction parameter for 

water on PDMSe was calculated to be k = 17.8±0.9 mJ/m2. This value was used to predict the 

slip angles for 5 µl drops on each of the surfaces using Equation 3-5. The predicted contact 

angles for each surface were used as the apparent contact angles, θ', for use in Equation 5 in 

predicting the slip angles. The roughness ratio for the tops of features used in the calculation of 

slip angles was assumed to be 1, as this is the case for Cassie-Baxter wetting. The predicted 

values for the slip angles are shown in Table 3-4, along with the 95% confidence intervals for the 

measured values. Water drops 5 µl in volume were predicted not to slip on the ridges surface, 

even at 90° tilt. The experimental slip angles for the ridges surface are omitted from Table 3-4 

due to the high direction-dependence of the slip angles on this surface, with some drops not 

slipping. The slip angles were well predicted from Equation 3-5. The predicted slip angles were 

average of less than 1º different than the experimental values, and this difference was not 

statistically significant (α = 0.05). 

Table 3-4. Predicted and Measured Slip Angles for Topographically Modified Surfaces 
 Slip angle, α 
Surface Predicted Experimental 
GR0 32° 27º (±4º) 
GR1 46° 43º (±2º) 
GR2 44° 38º (±7º) 
GR3 36° 39º (±6º) 
GR4 47° 49º (±3º) 
GR5 50° 51º (±9º) 
Sharklet AF™ (+3SK2x2) 57° 66º (±11º) 
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Anisotropy of Measurements 

The dependence of the measured wettability characteristics on the underlying topography 

are illustrated in the angle-dependence graphs for static, advancing, and receding contact angles, 

slip angles, and contact angle hysteresis, shown in Figure 3-4, A through E, respectively. Only 

the parallel and perpendicular directions are shown for clarity. 

 
 
Figure 3-4. Angular dependence of A) static contact angle, B) advancing contact angle, C) 

receding contact angle, D) contact angle hysteresis, and E) slip angle. Error bars 
represent ±standard deviation. Asterisks note statistically significant anisotropy 
(Tukey’s test, α = 0.05). 
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Figure 3-4. Continued. 
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The ridges surface had the largest anisotropy of all surfaces for the static contact angle, 

advancing contact angle, contact angle hysteresis, and slip angle. The anisotropy in the receding 

contact angle was similar on all of the surfaces. A comparison of the anisotropy on the ridges 

surface to the gradient surfaces, including the Sharklet AF™ surface, is shown in Table 3-5. The 

discontinuous gradient surfaces decreased the anisotropy of the static and dynamic contact angle 

measurements by between 76% and 90%, excluding the receding contact angle. The anisotropy 

in all of the static and dynamic contact angles were found to be statistically significant (p<0.01) 

by Tukey’s test following two-factor analysis of variance. The static contact angle and all of the 

dynamic contact angles, excluding the receding contact angle, were on average highest in the 

direction perpendicular to the features. The receding contact angle was on average lowest in the 

direction perpendicular to the features. Of the gradient surfaces, the angular dependence was 

most pronounced on the GR3 surface, which had the highest degree of dissimilarity between 

adjacent features. 

The direction of the anisotropy on all of the static and dynamic contact angles is consistent 

with larger energy barriers to drop motion in the perpendicular direction than in the parallel 

direction. When the advancing three phase contact line is pinned by the energy barrier, the 

contact angle at the advancing front must increase to overcome the energy barrier. In contrast, 

when the receding three phase contact line is pinned by the energy barrier, the contact angle at 

the receding front must decrease to overcome the energy barrier. The hysteresis increases as both 

the advancing contact angle increases and the receding angle decreases due to pinning. The 

anisotropy in these three dynamic wettability characteristics indicated that, in general, the 

topographical features produced a higher energy for drop motion when the drop was moving in 
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the direction perpendicular to the features than when the drop was moving parallel to the 

features. 

Table 3-5. Comparison of contact angle anisotropy on gradient topographical surfaces and ridges 
 Anisotropy: perpendicular vs. parallel directions 
 Ridges Gradients Decrease in anisotropy 

θ′ 16° 2° 85% 
θA 33° 3° 90% 
θR -5° -6° None 
θA-θR 38° 9° 76% 
α  >42° 8° >80% 
Positive values indicate larger measurements in the perpendicular direction, while negative 
values indicate larger measurements in the parallel direction. 
 
Comparison of Anisotropies on Gradient Surfaces to Ridges 

Comparison of the anisotropies on the gradient surfaces to the anisotropies on the ridges 

surface reveals several interesting points with respect to the energy barriers. The decreases in 

wettability anisotropy on the gradient surfaces compared to the ridges surface indicate the 

discontinuous features impose an energy barrier to motion in both directions. When breaking up 

the ridges to create the gradient surfaces, an energy barrier to motion in the parallel direction is 

created that is nearly, but not quite, as large as the energy barrier in the perpendicular direction. 

The smaller anisotropy in the static contact angles on the gradient surfaces relative to the 

ridges surface indicates that the discontinuous gradient features restrict the drop spreading in the 

direction parallel to the features, whereas the ridges allow the drop to spread along the parallel 

direction. As shown in Figure 3-4 the advancing contact angle in the parallel direction on the 

ridges is much lower than on the gradient surfaces, while it is similar in the perpendicular 

direction on the ridges and gradient surfaces. This indicates that the ridges and gradient surfaces 

have similar energy barriers for the advancing contact line in the perpendicular direction, while 

the discontinuous features of the gradient surfaces create an energy barrier in the parallel 

direction. 
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In contrast, the receding contact angles show similar anisotropy on the gradient surfaces as 

on the ridges surface. This indicates that the energy barrier to the receding contact line motion is 

not significantly increased by breaking up the ridges into discontinuous gradient features. To the 

contrary, the receding contact line barrier may be slightly decreased by the discontinuous 

features, as the receding contact angles are lower for the ridges in both directions than on the 

gradient surfaces. 

The slip angles and slip angle anisotropies point to another interesting consequence of 

breaking the ridges into discontinuous features. The slip angles on the gradient surfaces are 

generally lower than the slip angles on the ridges surface. This is likely due to a lower area 

fraction of elevated solid surface supporting the drop (f in Equation 3-2). The lower area of solid-

liquid contact increases the static contact angle, reducing the area of contact between the drop 

and the surface for a given drop volume. The smaller area of contact reduces the area-dependent 

force resisting drop motion in a manner analogous to a frictional force. The decrease in the 

receding contact line barrier, as described above, may also play a role. The large slip angle 

anisotropy in the ridges indicates a large difference between directions on the barriers to drop 

motion. The greatly reduced anisotropy in the slip angles on the gradient surfaces indicates the 

barriers to motion are nearly, but not quite, the same in both directions. 

Regression of Slip Angle 

Multiple regression analysis showed that the slip angle is best correlated to the receding 

contact angle on the gradient topographical surfaces. The ridges surface was omitted, as not all 

of the 5 µl drops slipped. The regression (p<0.001, R2 = 0.75) using each drop as an independent 

data point gave Equation 3-7. 

( )dropRdrop ,cos36.132.1sin θα ×+=            (3-7) 
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The regression (p<0.001, R2 = 0.93) using each gradient topographical surface as an 

independent data point gave Equation 3-8. 

( )surfaceRsurface ,cos77.153.1sin θα ×+=            (3-8) 

The slip angles were highly correlated to the receding contact angles on the gradient 

surfaces tested. Equations 3-7 and 3-8 are not general equations to predict slip angles, but are 

correlations for the drop size and surfaces tested. The slip angles would be undefined in 

Equations 3-7 and 3-8 if the receding angle were below about 107°. An undefined slip angle 

indicates the drop would not slip off the surface even at 90° tilt due to insufficient gravitational 

force to overcome the forces on the drop. The slip angle showed no significant dependence on 

the advancing contact angle, static contact angle, or the hysteresis. The advancing contact angles 

did not show any significant correlation to the receding contact angle. 

These findings have several significant implications. First, pinning of the receding liquid 

front was the limiting factor for determining when the liquid drop slipped on the surfaces tested. 

This result indicates neither pinning of the advancing front nor contact angle hysteresis 

determined slip angle. Second, the advancing contact angles were not determined by the slip 

angles or receding contact angles. Drops that were pinned by the receding front did not 

necessarily show artificially higher advancing contact angles. 

The regression between the slip angle and the receding contact angle is interesting in light 

of the fact that both the receding contact angles and slip angles were well predicted by the 

models. Prediction by theoretical models and correlation between to values are not necessarily 

connected. The model may fail to accurately predict the contact angle even when this contact 

angle plays an important role in determining the slip angle. The slip angle is typically described 

as being a function of both the advancing and receding contact angle (i.e. contact angle 
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hysteresis).93 The results indicate the advancing contact angle and hysteresis did not contribute 

sufficiently to the slip angle on these surfaces. The connection between receding contact angle 

and slip angle is similar to conclusions by Mougin et al. that nanoscale friction properties are 

related to the receding contact angle of water on chemically uniform and chemically 

heterogeneous substrates.94 Both the slip angle and friction properties are related to forces 

between the surface and on the drop or AFM tip. However, the topographical surfaces and 

chemical surfaces would not be expected to affect the wetting exactly the same way, and the 

interaction area of the water droplet and AFM tip are of different magnitudes in scale. 

The slip angle did not appear to be a function of the static contact angle. The static contact 

angles on the topographical surfaces tested did not have as high of a range as the other 

wettability characteristics. The contributions to the slip angle by the static contact angle are 

expected to be very small in this study due to the small range in static contact angles. Studies 

using surfaces with a larger range for static contact angles would likely see an effect on the slip 

angle by the static contact angle due to changes in drop shape, as predicted by Equation 3-5. A 

smaller static contact angle would produce a larger area in contact between the liquid and the 

surface, creating a larger energy barrier for motion. 

Conclusions 

The data presented indicate that breaking up continuous ridges into discontinuous 

rectangular features greatly reduces, but does not eliminate, static and dynamic contact angle 

anisotropy at feature sizes of approximately 2 µm in width and spacing. The ridges surface 

exhibited considerable anisotropy in the static contact angle, advancing contact angle, contact 

angle hysteresis, and slip angle. The receding contact angle was statistically anisotropic on the 

ridges surface, but the anisotropy was much smaller than for the other characteristics. The 

gradient surfaces, including the Sharklet AF™, exhibited greatly reduced, but statistically 
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significant, anisotropy in the static contact angle, advancing contact angle, contact angle 

hysteresis, and slip angle. The receding angle anisotropy was statistically significant on the 

gradient surfaces and similar in value to the anisotropy on the ridges surface. 

Compared to the continuous ridges, the discontinuous features of the gradient surfaces 

increased the barrier to advancing contact line motion in the direction parallel to the features and 

reduced the ability of a static water droplet to spread along the features in the parallel direction. 

The gradient features had a reduced solid area fraction supporting the liquid drop relative to the 

ridges as a result of breaking the ridges into features. This decreased solid-liquid interfacial area 

caused the gradient surfaces to have lower slip angles than the ridge surface, despite an increase 

in the energy barrier to advancing contact line motion. The gradient surfaces’ slip angle 

anisotropy was greatly reduced compared to the ridges surface, indicating a smaller difference in 

the energy barrier to overall drop motion on the gradient surfaces compared to ridges. The slip 

angle was found to be highly correlated to the receding contact angle on the gradient surfaces, 

indicating that the slip angle was dictated by the receding contact angle for the gradient surfaces 

using 5 µl drops. 

Breaking up the ridges decreased both the slip angle and the anisotropy in the wettability 

measurements. If a surface is desired to have a low slip angle and high anisotropy, the feature 

dimensions—including height, width, spacing, and lengths—could be optimized to produce a 

desirable compromise. This could be useful in designing specialized microfluidic devices, in 

which a low resistance to fluid motion and high anisotropy may be desired. 

On average, the liquid drops on gradient surfaces exhibited static contact angles 2° higher 

when the liquid front was moving perpendicular to the features. This anisotropy is of similar 

magnitude as many of the reported 95% confidence intervals on the static contact angles when 
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the angular information is not taken into account, as in Table 3-3. Similarly, the anisotropy in the 

other wettability characteristics is larger than many of the corresponding confidence interval 

ranges when the angular information is not taken into account. If not taken into account, 

anisotropy in the contact angles will increase the apparent variability in contact angles of 

randomly oriented observations. 

This study and previous studies cited were performed on hydrophobic surfaces, but 

hydrophilic surfaces may show different anisotropic responses. This could be performed using 

similar surfaces using different materials, by producing chemical grafts on the surface, or a 

combination of both. A study using the same material and the same set of topography designs in 

varying size scales could be performed to further evaluate the effect of feature size on static and 

dynamic contact angle anisotropy with both continuous and discontinuous features. The surfaces 

tested were designed for marine antifouling applications and not designed to produce certain 

static or dynamic contact angles. Further examination of anisotropic topographical surfaces could 

lead to surfaces designed for directional self-cleaning surfaces, microfluidic devices, or other 

surfaces designed for directing fluid motion. 
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CHAPTER 4 
DEVELOPMENT AND IMPLEMENTATION OF A PREDICTIVE MODEL FOR 

BIOSETTLEMENT OF THE GREEN ALGA ULVA LINZA 

Introduction 

Understanding the processes associated with settlement, leading to the permanent 

attachment of the colonizing stages of fouling organisms, is fundamental to the development of 

novel strategies to control fouling without the use of biocides. Those organisms with motile 

larvae or spores such as barnacles95 and the green alga Ulva96, actively select “favorable” sites on 

which to settle. Attributes of the surface such as surface energy or topography also affect the 

ability of the settled larvae, spores or cells to adhere to the surface.45, 49, 97 This paper focuses on 

the settlement of motile spores (“zoospores”) of Ulva.  

Colonization and growth of Ulva on underwater surfaces is initiated by zoospores, which 

are able to perceive and respond to various surface-associated cues including wettability/surface 

chemistry,38, 98, 99 chemical patterns,59 charge100 and topography. Periodic topographical surfaces 

whose features were spaced by 2 µm reduced the settlement of zoospores, while surfaces with 

spacing 5 µm or larger increased settlement.7, 46-48, 54 The working hypothesis in these studies 

was that the 2 µm spacing would inhibit settlement due to the inability of the spore to penetrate 

the volume between the features. One surface, the Sharklet AF™, which consists of four 

different lengths of rectangular features, is of particular interest.  In terms of settlement of spores, 

the Sharklet AF™ consistently outperformed all other surfaces tested in four separate studies, 

including those surfaces containing combinations of one or two of the four rectangular features 

in the Sharklet AF™ pattern.46-48 Therefore, the arrangement of the four rectangular features in 

the Sharklet AF™ appears to be crucial to the performance of the surface. 

The Engineered Roughness Index (ERII) was derived from the results of one of the Ulva 

settlement studies and involves several geometric aspects of the surfaces (Equation 4-1).47 
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In Equation 4-1, r is the roughness ratio as described by Wenzel,68 df is the degrees of 

freedom (1 or 2) for movement across the surface, and φS is the area fraction of feature tops as 

described by Bico et al.65 The value φS is equivalent to the value f1 used by Cassie and Baxter for 

solid-liquid interface69 when describing composite (or Cassie-Baxter) wetting. For consistency 

with more well-known variables, (1-φS) replaces the value fD, the area fraction of the depressed 

regions of the surface used in Schumacher et al. 2007. It should be noted that the variables φS and 

r are used in the ERI as geometric descriptors of the surface and do not imply a particular 

wetting regime. 

Settlement of spores of Ulva correlated to ERII with an R2 of 0.69 and p < 0.001 when 

using each replicate image as a data point (30 images per surface type). The settlement response 

on the engineered topographical surfaces used in Schumacher et al. (2007) correlated with the 

ERI as described in Equation 4-2. 

( ) ERI×−= 5.63796spores/mmDensity  Spore 2          (4-2) 

In the present paper we have expanded the original ERI correlations by incorporating 

additional spore settlement data and we have determined the predictive power of the ERI 

relationship using previously untested surface designs. A predictive model for settlement will aid 

in the design of new surfaces to prevent biofouling. 

Materials and Methods 

Refinement of Engineered Roughness Index 

Spore settlement data on engineered topographies were obtained from two previously 

published reports.47, 48 The feature dimensions of the surfaces in Schumacher et al. 2008 were 

previously evaluated and reported to two significant features.101 For regression analysis, the 
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transformation was determined by selecting the transformation which caused the variance to be 

constant along the range of settlement densities. A second Engineered Roughness Index, the 

ERIII, was developed and is described in Equation 4-3. 

s
II

nrERI
ϕ−
×

=
1

              (4-3) 

In Equation 4-3, r is the Wenzel roughness ratio as in Equation 4-2, n is the number of 

distinct features in the surface design, and φS is the area fraction of the feature tops. Comparing 

ERIII to ERII, the degrees of freedom (df) was replaced by the number of distinct features in the 

design (n). 

Surface Designs 

Nomenclature 

 Surfaces are described by a nomenclature (Equation 4-4) that includes the surface design, 

the feature width, feature spacing, and the number of distinct features in the design. In Equation 

4-4, a “+” preceding the height indicates the features protrude from the surface, while a “-” 

indicates the features are recessed (i.e. pits). The height or depth of these features is indicated by 

the [height] term, the feature width is denoted by [width], and the spacing between the features is 

denoted by [spacing]. The surface design for all surfaces used here is the Sharklet AF™, denoted 

“SK”. The number of distinct features in the design is denoted by [distinct features]. When the 

[distinct features] is omitted, the number of distinct features is assumed to be n = 4, the same as 

the original Sharklet AF™ design. The smooth surface is denoted “SM” without the other 

parameters. All dimensions are given as µm. For example, a 2 element Sharklet AF™ surface is 

denoted +2.7SK2x2_n2, representing 2.7 µm feature height, 2 µm  feature spacing, 2 µm feature 

width, and 2 distinct features in the design. 

Surface Designation = [height][surface design][width]x[spacing]_[distinct features]    (4-4) 
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Evaluating “φS” 

The Sharklet AF™ surface was inverted such that the rectangular features form pits instead 

of protrusions.  This new design, the Recessed Sharklet AF™, increased φS without altering the 

degrees of freedom for movement, the number of features, or the roughness ratio.  Both surfaces 

contain features that are approximately 2 µm wide, spaced by approximately 2 µm, and are 

between 4 µm and 16 µm long.  The features are arranged in the following order to form a 

diamond shape: 4, 8, 12, 16, 12, and 8 µm.  A feature 4 µm long starts the sequence again next to 

the final 8 µm feature.  The Sharklet AF™ and Recessed Sharklet AF™ surfaces are shown in 

Figure 4-1. 

 
 
Figure 4-1. Scanning electron micrographs of A) Sharklet AF™ (+1.8SK2x2) and B) Recessed 

Sharklet AF™ (-2.0SK2x2) surfaces. 

Evaluating “n” 

New surfaces were designed by altering the number of distinct surface features (n) in the 

Sharklet AF™ design to evaluate the effect of the number of features on spore settlement.  The 

number of features (n) in the Sharklet AF™ design was varied from 1 to 5, with a smooth surface 

acting as a surface with n = 0.  These surfaces are named the “n-Series” surfaces for simplicity.  

The surfaces have similar diamond arrangements of features as the original Sharklet AF™ 

surface, and comprise selected features of the Sharklet AF™ design.  The surface with n = 5 
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contains an additional feature (20 µm long) not found in the original Sharklet AF™ surface (n = 

4). The surfaces are shown in Figure 4-2. The +2.7SK2x2_n1 and +2.7SK2x2_n2 surfaces were 

previously evaluated48 under the notations GR0 and GR1, respectively. 

 
 
Figure 4-2. Sharklet AF™ surfaces varying in the distinct number of features (n). A)SM (n = 0), 

B)+2.7SK2x2_n1, C)+2.7SK2x2_n2, D)+2.6SK2x2_n3, E)+2.9SK2x2 (n = 4), 
F)+2.6SK2x2_n5. 

Sample Preparation 

The two-dimensional patterns were produced in a darkfield photomask.  Silicon wafers 4” 

in diameter and of (100) orientation were patterned with photolithography using Shipley’s S1813 

photoresist.  Deep reactive ion etching was used to etch the silicon wafers to the desired height, 

followed by an O2 plasma clean to remove the photoresist from the wafers. 

Hexamethyldisilazane (HMDS) was vapor-deposited on the wafers to prevent adhesion of the 

casting materials.  The mold for the Recessed Sharklet™ was created by solution casting 

Kraton® styrene-ethylene/butylene-styrene (SEBS) block copolymer onto the silicon wafer 

Sharklet AF™ mold from toluene. In this solution casting process, a solution of 10% Kraton® 

series G1657 in toluene was placed into an enclosure sealed to a HMDS-treated silicon wafer 
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patterned with the mold for the Sharklet AF™.  The evaporation rate of the solvent was 

controlled by adjusting the area of the enclosure exposed to the ambient air.  This process 

produced a mold for the Recessed Sharklet AF™ in approximately 3 days. 

Dow Corning SILASTIC® T-2 poly(dimethyl siloxane) elastomer (PDMSe) was prepared 

by mixing the resin and curing agent in a 10:1 ratio for 5 minutes.  The mixture was degassed for 

30 minutes and cured against the sample molds for 24 hours at approximately 22°C.  PDMSe 

sample surfaces were backed to glass microscope slides using allyltriethoxysilane as a coupling 

agent.  Resulting samples consisted of a 1”x 1” square area of topographical surface in the center 

of the slide with smooth PDMSe covering the remainder of the slide area.  Smooth PDMSe 

sample surfaces consisted of glass microscope slides covered entirely with smooth PDMSe.  

Samples surfaces were rinsed with 95% ethanol (5% distilled water) and blown with dry N2.  

Surfaces were stored in air.  Feature dimensions were analyzed through scanning electron 

microscopy.  The ERIII for each surface was determined, and spore settlement relative to the 

settlement on a smooth surface was predicted using the ERIII values and regression equation.   

Settlement Assay with Spores of Ulva linza  

Ulva linza zoospore settlement assays were performed at the University of Birmingham, 

UK by Maureen Callow, James Callow, and John Finlay.  Three replicates of each surface type 

were assayed for spore settlement using standardized spore settlement protocols as described 

previously 47, 102.    Test samples were immersed in deionized water for 24 hours, followed by 2 

hours in Tropic Marin® artificial seawater (ASW) prior to the assay.  Each sample surface was 

placed into an assay dish, and 10 ml of zoospore suspension (1.5 x 106 spores/ml) were added to 

each assay dish.  The samples were incubated in the dark at approximately 20°C for 45 minutes.  

The samples were rinsed to remove any unattached (i.e. motile) zoospores and fixed with 2% 
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glutaraldehyde in ASW for 10 minutes.  The glutaraldehyde solution was rinsed off using a 

sequence of ASW, 50% ASW in distilled water, and distilled water prior to drying. 

Settled spores were visualized and quantified by the autofluorescence of chlorophyll using 

a Zeiss epifluorescence microscope and Zeiss Kontron 3000 image analysis system.7 Thirty 

counts for fields of view of 0.033 mm2 were obtained for each replicate surface giving a total of 

90 counts per surface type. Settlement is reported as the mean and 95% confidence interval using 

90 counts per surface. 

Two separate settlement assays were performed.  The smooth, Sharklet AF™, and 

Recessed Sharklet AF™ surfaces were evaluated in one assay.  The n-Series surfaces 

(+2.8SK2x2_n(1-5) surfaces) were evaluated in the second assay along with the smooth surface.   

Results 

Regression Analysis 

Examination of the dataset from Schumacher et al., 2008, showed that settlement on the 

surfaces tested poorly correlated with ERII, with an R2 value of 0.4, as shown in Figure 4-3.  

The poor fit of the settlement data to ERII suggested a need to reexamine the relationship. 

This was achieved using a transformation for the settlement data and altering the predicting 

variable (ERII to ERIII). The natural logarithmic transformation (ln) was chosen to transform the 

settlement data for several reasons.  First, this transformation yields a linear correlation between 

settlement and a predictor, such as the Engineered Roughness Index, while constraining the 

settlement to positive values. Second, the transformation allows for nearly equal variance in the 

ln-transformed space regardless of the value of settlement. In contrast, the variance of settlement 

increases as settlement increases in the untransformed space.  
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Figure 4-3. Regression of Ulva settlement to ERII for dataset from Schumacher et al. 2008 

showing poor correlation (R2 = 0.4).  

Each of the two previous data sets, (i.e. those in Schumacher et al., 2007 and Schumacher 

et al., 2008) correlated with the ERIII after using the natural logarithmic transformation.  

Combining both data sets into a single data set yields a regression with a strong correlation to 

ERIII. All three regressions are shown in Figure 4-4. 

The regression line for the combined data set is described by Equation 4-5. This equation 

can be rewritten as Equation 4-6, the “biosettlement model” in which S is the settlement on a 

surface with a given ERIII and SSM is the settlement on a smooth surface (whose ERIII = 0). 
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Figure 4-4. Regressions of spore settlement with ERIII showing historical data correlates with 

ERIII.  Data from (A) Schumacher et al., 200747 (R2=0.94), (B) Schumacher et al., 
200848 (R2=0.81), and (C) the combined data set (R2=0.86). 
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Evaluating “φS” 

The measured dimensions and calculated parameters for the Smooth, Sharklet AF™, and 

Recessed Sharklet™ surfaces tested are shown in Table 4-1. 

Table 4-1. Dimensions and prediction variables for surfaces used to evaluate the effect of area 
fraction of feature tops (φS) on spore settlement. When no unit is given, the quantity is 
unitless. 

Surface Height 
(µm) 

Width 
(µm) 

Spacing 
(µm) r  n  φS  ERIII 

Smooth (SM) NA NA NA 1 0 0 0 
Sharklet AF™ 
(+1.8SK2x2) 1.8 1.8 2.2 1.9 4 0.38 12 

Recessed Sharklet AF™ 
(-2.0SK2x2) 2.0 1.9 2.1 2.0 4 0.60 20 

 
Spore settlement relative to smooth was predicted on these surfaces using the rewritten 

regression equation, Equation 4-6. The comparison between predicted and experimental 

settlement values relative to the smooth surface are shown in Table 4-2, along with the absolute 

settlement values with 95% confidence intervals. 

Table 4-2. Settlement on surfaces used to evaluate the effect of solid surface fraction (φS) 
compared to the settlement predicted by the biosettlement model.  Settlement is 
reported as average of 90 counts with 95% confidence intervals 

Reduction from Smooth (%) Surface Ulva Settlement 
(spores/mm2) Predicted Experimental 

Smooth (SM) 386 ± 12 NA NA 
Sharklet AF™ 
(+1.8SK2x2) 216 ± 36 59 44 

Recessed Sharklet AF™ 
(-2.0SK2x2)   85 ± 29 78 78 

 
The inversion of the surface from the Sharklet AF™ to the Recessed Sharklet AF™ 

surfaces caused the spores to settle in reduced numbers.  The pattern design, the number of 

features in the pattern, and the dimensions of the features were the same or very similar for both 

surfaces.  The only variable that was altered between these two surfaces was φS.  The spores 
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were observed to settle within the recessed regions of both surfaces, indicating that they respond 

to φS as predicted. 

The biosettlement model using ERIII predicted the settlement on the Recessed Sharklet 

AF™ (-2.0SK2x2) surface relative to smooth nearly exactly. The prediction of the Sharklet 

AF™ (+1.8SK2x2) was also predicted closely, but not as well as the Recessed Sharklet AF™ 

surface. 

In order to illustrate the effectiveness of the ERIII to predict the settlement, the three data 

sets—Schumacher et al., 2007,47 Schumacher et al., 2008,48 and the current data set—were 

combined and are shown in Figure 4-5. The data clearly show that the Ulva spores settle in lower 

numbers when the value of φS is increased. 

 
 
Figure 4-5. Regression of settlement data from 3 studies with ERIII (R2=0.88). Historical data 

sets are plotted as white triangles and dark grey squares, while new data are plotted as 
light grey diamonds. Dashed line indicates regression. 
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Evaluating “n” 

The measured dimensions and calculated parameters for the Smooth and n-Series Sharklet 

AF™ surfaces (+2.8SK2x2_n(1-5) surfaces) tested are shown in Table 4-3. 

Table 4-3. Dimensions and prediction variables for n-Series surfaces. When no unit is given, the 
quantity is unitless. 

Surface Height 
(µm) 

Width 
(µm) 

Spacing 
(µm) r  n  φS  ERIII  

SM NA NA NA 1 0 0 0 
+2.7SK2x2_n1 2.7 2.3 1.7 2.4 1 0.38 3.9 
+2.7SK2x2_n2 2.7 2.3 1.7 2.4 2 0.43 8.4 
+2.6SK2x2_n3 2.6 2.3 1.7 2.3 3 0.46 13 
+2.9SK2x2 2.9 2.2 1.8 2.5 4 0.48 19 
+2.6SK2x2_n5 2.6 2.2 1.8 2.3 5 0.49 23 
 

Spore settlement relative to smooth was predicted on these surfaces using the rewritten 

regression equation, Equation 4-6. The comparison between predicted and experimental 

settlement values relative to the smooth surface are shown in Table 4-4, along with the absolute 

settlement values with 95% confidence intervals. Spore settlement (as percent reduction versus 

smooth) was well predicted by the ERIII for all of the n-Series surfaces tested, except for the 

+2.7SK2x2_n1 surface.   

Table 4-4. Settlement on n-Series surfaces compared to values predicted by the biosettlement 
model. Settlement is reported as average of 90 counts with 95% confidence intervals. 
Asterisks represent groups that are statistically different. 

 

Reduction from Smooth (%) Surface Ulva Settlement 
(spores/mm2) Predicted Experimental 

SM* 800 ± 70  NA NA 
+2.7SK2x2_n1* 782 ± 72 25 2 
+2.7SK2x2_n2** 437 ± 49 47 45 
+2.6SK2x2_n3*** 253 ± 25 62 68 
+2.9SK2x2**** 213 ± 32 76 73 
+2.6SK2x2_n5**** 186 ± 15 82 77 

Figure 4-6 shows the regression of the n-Series surfaces versus n and versus ERIII.  The 

regressions are nearly identical, since the other variables in the ERIII (i.e. Wenzel roughness r 
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and area fraction of feature tops φS) are nearly equal for these n-Series surfaces.  The data clearly 

show that the variable n is a critical variable in the biosettlement model (Equation 4-6). 

 
 
Figure 4-6. Regressions of n-Series Sharklet AF™ surfaces confirming the number of distinct 

features in the design is a key parameter in predicting settlement. Settlement 
correlates to the number of distinct features (R2 = 0.94) and to ERIII (R2 = 0.93).  The 
settlement data versus ERIII is arbitrarily shifted to distinguish data points between 
regressions 

Spore settlement generally agreed with the data obtained in Schumacher et al. for several 

of the n-Series surfaces.  The surfaces that were assayed in both the n-Series assay and 

Schumacher et al. 2008 include the +2.7SK2x2_n1 (previously GR0), +2.7SK2x2_n2 

(previously GR1), and +2.9SK2x2 (previously SK) surfaces.  The settlement relative to smooth 

on these surfaces is shown in Table 4-5. The feature heights were slightly different between the 

two studies.  Variations in feature height causes variations in ERIII values and are expected to 

alter settlement density slightly. The settlement on the +2.7SK2x2_n2 and +2.9SK2x2 in the 

current assay agree with the settlement on the GR1 and SK surfaces, respectively in Schumacher 

et al. 2008.  The settlement on the +2.7SK2x2_n1 surface in the current study, however, is 
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considerably different than the settlement on the GR0 surface. The predicted value for settlement 

on the +2.7SK2x2_n1 surface relative to the smooth surface is close to the experimental value 

for the GR0 surface (25% versus 26%, respectively). 

Table 4-5. Comparison of spore settlement relative to smooth for surfaces assayed in both the 
present study and in Schumacher et al. 2008.  

Surface % Reduction in settlement vs. smooth 
Present Study Schumacher et al. 200848 Present Study Schumacher et al. 200848 
+2.7SK2x2_n1 GR0 2% 26% 
+2.7SK2x2_n2 GR1 45% 47% 
+2.9SK2x2 SK 73% 67% 
 

The experimentally determined percent reductions versus smooth for all surfaces evaluated 

are plotted versus the percent reduction predicted by the biosettlement model (Figure 4-7). Five 

of the seven surfaces fall within 6% of the predicted values. 

 
 
Figure 4-7. Performance of the biosettlement model in predicting spore settlement.  Surfaces 

include the Sharklet AF™, Recessed Sharklet AF™, and n-Series surfaces.  Solid line 
indicates that the percent reduction is equal to the predicted value.  Dashed lines 
indicate 6% difference from the predicted value. 
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The levels of spore settlement in the second assay (n-Series surfaces) were in general 

higher than those in the other assays.  All of the assays have variation in the settlement numbers, 

including the settlement on the smooth surface in each study.  Variation in settlement numbers 

between assays is due to biological variation between different batches of Ulva collected from 

the shore.  In order to account for these differences, the absolute settlement values were 

normalized with respect to the smooth surface in the study.  The biosettlement model with the 

two historical data sets (i.e. Schumacher et al. 2007 and Schumacher et al. 2008) and the new 

data sets (i.e. Sharklet AF™, Recessed Sharklet AF™ and n-Series surfaces) are shown in Figure 

4-8. The biosettlement model fits extremely well (R2 = 0.88) with the four separate studies: two 

historical studies and two new studies.  

 
 
Figure 4-8. Biosettlement model correlated to four spore settlement assays.  The settlement 

densities of the surfaces with topographic features are normalized to the settlement on 
the smooth surface for each assay.  Each assay is distinguished by marker shape and 
color. 

The spores were observed to settle such that the spore center was within the recessed 

features on the Recessed Sharklet AF™.  The recesses were smaller than the spore body, 

preventing the spore from fully penetrating the recess.  Similarly, the spores on the Sharklet 
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AF™ tended to settle centered between the features.  Previous work has observed the tendency 

of the spores to settle centered between the features, but all of the surfaces previously tested 

comprised protruding features.  The spores prefer to settle in the areas represented by the term 

(1-φS), even if that region is discontinuous.   

The reduction in settlement due to φS is expected, as the spores prefer to settle in recessed 

regions.  Minimizing the area fraction of recessed regions reduces the density of preferred 

regions on the surface.  The reduction in settlement due to n is more difficult to explain.  The 

inclusion of the number of distinct features, n, in the ERIII allows for the description of an 

entropy-like term.  Larger values for n create a larger number of different local surface 

conditions, creating a surface with higher disorder.  The spores are motile and probe the surface 

during the settlement phase. After a single spore settles, additional spores tend to settle adjacent 

to existing spores.  The spores may probe for similarity within a region, not simply for a suitable 

location for single-spore settlement.  The probing process may be used by the spores to locate a 

settlement site where additional spores can also settle. In this way, the disorder of the surface 

may contribute to the response of the spores.  

Another possible explanation for the contribution of n to the settlement is the number of 

distinct features a spore can contact simultaneously.  Since the spores prefer to settle at 

intersections of multiple features, the number of features in the design correlates to the number 

of distinct features the spores would contact simultaneously in these intersection locations, up to 

a maximum of 4 features.  The spore can only contact the types of features that are in the design, 

and can only contact up to four features at a time due in the intersections.  The surface with 5 

distinct elements (+2.7SK2x2_n5) would be expected under this hypothesis to have a similar 

spore settlement as the 4-element Sharklet AF™ (+2.9SK2x2), since a spore can only contact 
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four distinct features simultaneously on each of these surfaces.   The settlement on these two 

surfaces was not different statistically, but the +2.7SK2x2_n5 surface had slightly better 

performance than the +2.9SK2x2 surface.  The spores may be sensing different stresses on their 

cell membranes caused by the different features, similar to the hypothesis by Schumacher et al. 

2008, or there may be another property of the surface the cell may be sensing.   

The biosettlement model predicts that the spore settlement will decrease asymptotically 

toward zero settlement as the number of features in the design increases.  However, as additional 

features are added as longer features, areas of the surface begin to approach the local properties 

of ridges. Previously, the ridges surface was the least effective of several topographical surfaces 

(including the Sharklet AF™ surface) at reducing spore settlement.47 The features do not have to 

be consecutively longer, but could be of different geometry.  As the number of distinct features 

approaches infinity with features of similar size, the surface could approach a surface with 

randomly placed features.  Since the spore would not be able to probe the entire surface, the 

correlation of spore settlement to the number of distinct features is expected to have a limit. 

Further evaluation of the effect of the number of distinct features in the design—e.g. surfaces 

with larger numbers of distinct features—could be used to further develop the predictive 

biosettlement model. 

All of the surfaces whose performance is incorporated into the biosettlement model have 

depressed regions whose width is small enough to prevent spores from penetrating the recesses.  

Previous work has shown that spore  settlement is increased on channels whose depressions are 

wide enough for the spores to touch the floor.7 The biosettlement model has not been expanded 

to predict settlement on surfaces which increase settlement, such as channels at least 5 µm wide.  
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Further work could be performed to broaden the predictive capability of the biosettlement model 

beyond surfaces based on 2 µm spacing between features. 

A surface based on the Sharklet AF™ surface, but with curved features instead of 

rectangular features would provide a similar ERIII (and similarly predicted settlement), but alter 

the mechanical properties of the features from those of the Sharklet AF™.  The bending moment 

of the features would change considerably, as would the curvature of the feature walls.  The 

curvature of the spore membrane may interface with one side of the bent features, but would 

have smaller contact area on the other side.  The bending moment of the features could be 

separately evaluated using materials with higher elastic moduli, but the curvature of the walls 

would need to be evaluated using a newly designed topography. 

The biosettlement model includes two parameters that are important in the wettability: the 

Wenzel roughness r, and the fraction of feature tops φS. These wettability parameters clearly 

influence the settlement of spores. There are other parameters that are potentially influencing the 

settlement and can be incorporated into the biosettlement model. These parameters include the 

wettability of the substrate material, the mechanical properties of the material, and the size of the 

organism. Altering the wettability of the substrate material (i.e. a smooth surface) over a range of 

wettabilities will further influence the wettability of the topographies from very hydrophilic to 

very hydrophobic. The mechanical properties of the material affect the bending moment of the 

features and would be expected to alter cell response to the topographies. The size (i.e. diameter 

and hydrodynamic volume) and shape (e.g. rod or sphere) of the settling organism relative to the 

topography may be important in incorporating more organisms into the biosettlement model.  

The biosettlement model has the potential to be expanded to more organisms, more topographies, 

and other materials. 

79 



 

Conclusions 

The data presented show that the Ulva spores respond independently to both the area 

fraction of feature tops, φS, and the number of features in the design, n. As φS increases or n 

increases, Ulva spores settle in lower numbers. The data presented demonstrate the first report of 

the prediction of Ulva settlement on topographical surfaces. The biosettlement model based on 

the ERIII correctly predicted the Ulva settlement performance of the previously-untested 

Recessed Sharklet AF™ (-2.0SK2x2) surface relative to a smooth surface. In a separate assay, 

the biosettlement model correctly predicted the Ulva settlement on two newly designed surfaces 

(+2.6SK2x2_n3 and +2.6SK2x2_n5), and predicted the settlement of several previously 

evaluated surfaces. Five of the seven topographical surfaces tested had Ulva settlement within 

6% of the predicted values, in terms of percent reduction versus smooth. The regression model 

has excellent correlation, especially for a biological system. This predictive model may be useful 

for other organisms, and will be useful in designing new antifouling surfaces. 
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CHAPTER 5 
NAVICULA SETTLEMENT AND RELEASE ON SHARKLET AF™-BASED 

TRANSLATIONALLY SYMMETRIC TOPOGRAPHIES 

Introduction 

Raphid diatoms are group of single-celled algae and are the most abundant algal 

component of most marine biofilms. These algae are resistant to copper biocides 16 and adhere 

strongly to commercial foul release coatings.30, 32 Foul release coatings function only when the 

vessel is moving, so fouling communities on a stationary vessel may grow and become even 

more difficult to remove. Diatom-dominated slimes have been reported to increase drag of 

marine vessels and increase propulsion power required by approximately 20%.14 Heterogeneous 

biofilms, many of which contain diatoms, increase corrosion rates of metal due to gradients in 

dissolved local ion concentrations. 

The presence of raphes—slits along the length of the cell body from which adhesive 

mucilage is excreted—distinguish raphid diatoms from non-raphid diatoms.103 Raphid diatoms 

first approach a surface via gravity or water motion, and the cells contact the surface via 

extensions of mucilage excreted from the raphes. After contact, diatoms position themselves to 

bring one of the raphes into contact with the surface, allowing initial attachment. Mucilage 

excreted from the raphe provides firm attachment. This firm attachment can be released by the 

diatom to allow the cell to leave the surface and colonize new surfaces. Raphid diatoms glide 

along the surface, secreting a trail of adhesive from the raphe in contact with the surface. In 

addition to movement in translation, these cells can rotate to position their elongated bodies in a 

position more suitable for their colonization.104 

Topographies with translationally symmetric patterns have been effective in reducing the 

settlement of several marine organisms. Each organism that responds to these topographies has a 

critical dimension to which they respond, as hypothesized by Callow et al. 2002. Ulva linza 
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motile zoospores were inhibited from settling by surface features spaced by 2 µm,46-48 while the 

settlement of these spores is promoted by features spaced by at least 5 µm.7 Balanus amphitrite 

barnacle cyprids were shown to be inhibited by several topographies with features 20 µm and 

spaced by 20 µm, an order of magnitude larger than the dimensions of the surfaces that inhibited 

Ulva spores.9 

The attachment of two species of diatoms was decreased by sinusoidal ridge/channel 

topographies when the cell body was too large to sit within the troughs.8 These two species, 

Amphora sp. and Navicula jeffreyi, were inhibited by ridges 2 µm wide and spaced by 2 µm. The 

sinusoidal ridge/channels decreased attachment by 47% and 36%, respectively. An additional 

two species were examined, but these cells were smaller than the scale of the ridges and could sit 

within the troughs on both of the ridge topographies. These two species settled in similar or 

higher numbers on the topographies compared to the smooth surface. 

Although the critical dimension has been shown to be important, not all topographies 

designed with the critical dimension exhibit the same effectiveness against fouling. The Sharklet 

AF™ surface consistently inhibited Ulva spores by 67-86% versus an otherwise identical smooth 

control. This surface consistently outperformed other surfaces tested, including channels, 

hexagonally packed circular pillars, a topography containing both triangles and pillars, and a 

variety of one- and two-element surface designs containing rectangular features. The diatoms 

Amphora sp. and N. jeffreyi tested by Scardino et al. 2006 settled in much lower numbers of 

ridges 2 µm in width and spaced by 2 µm than to projections approximately of the same width 

and spacing. 

Theories to explain the observed differences among surfaces in fouling response by 

diatoms and Ulva spores have been developed independently. The Attachment Point Theory was 
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proposed by Scardino et al. 2006 to explain differences in diatom attachment among surfaces, 

while the Engineered Roughness Index was developed by Schumacher et al.47 and expanded as 

described in Chapter 4 to explain differences in Ulva spore settlement among surfaces. 

Attachment Point Theory is the theory that the attachment of diatoms is determined by the 

number of points to which the diatom cell can attach. This theory was developed to explain the 

dependence of size on the diatom response to the sinusoidal/ridge topographies. The attachment 

of the four species of diatoms tested increased when the number of points of cell-surface contact, 

though an equation relating the attachment points to cell response was not developed. 

The second Engineered Roughness Index (ERIII) relationship correctly predicted the 

performance of three previously-untested topographical surfaces using the relationship shown in 

Equation 5-1. 

II
SM

ERI
S
S 21047.7ln −×−=⎟⎟
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⎝

⎛
            (5-1) 

In Equation 5-1, SSM is the Ulva settlement on a smooth poly(dimethyl siloxane) elastomer 

(PDMSe) surface, and S is the Ulva settlement on a topographically modified PDMSe surface 

with a given ERIII. The value -7.47x10-2 is empirically found from the regression and can be 

thought of as the sensitivity of the organism to the ERIII for PDMSe surfaces. It is unclear 

whether this sensitivity will be affected by the substrate material, and if the sensitivity is species-

specific. 

The work by Scardino et al. establishes that the colonization of a surface by some species 

of diatoms is affected by topographical surfaces. However, variations in the topographies tested 

have been limited to scaling of ridge topographies and a single topography of projections. 

Including new variations of topography including the width of features, spacing between 

features, and the number of features would provide increased insight into the attachment and 
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attachment strength of these common marine foulers. The Sharklet AF™ surface, which has 

outperformed other topographies for Ulva linza settlement, may be useful for decreasing fouling 

by diatoms. 

Materials and Methods 

Surface Designs 

Two iterations of surface designs were incorporated into this study. The first iteration was 

designed by James Schumacher and contained surfaces with square pillars 6 µm in width and 3 

µm tall designed with different spacing between the features. The spacing was varied, starting at 

2 µm, which was shown by Scardino et al. to reduce Navicula attachment. The spacing between 

features was set at 2, 4, or 6 µm. Unlike surfaces tested by Scardino et al. 2006, whose features 

were sinusoidal and equal in width and spacing, the surfaces designed here have features with 

vertical sidewalls, flat tops, and have feature width set at 6 µm regardless of spacing. These 

surfaces are shown in Figure 5-1, and are labeled according to Equation 5-4. The calculated 

characteristics of these surfaces, including the values for ERII and ERIII are shown in Table 5-1. 

 
 
Figure 5-1. Optical images of square pillar topographical surfaces: A) +3P6x2, B) +3P6x4, and 

C) +3P6x6. 

Surface Designation = [height][surface design][width]x[spacing]       (5-4) 

In Equation 5-4, protruding features have a “+” preceding the height term, the surface 

design is “P” to designate pillars, and the dimensions are in µm. A smooth surface is simply 

designated “SM” with no height, width, or spacing terms. 
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Table 5-1. Characteristics of square pillar surfaces varying in spacing 
Surface 
designation 

Width 
(µm) 

Spacing 
(µm) 

Height 
(µm) r φS ERII ERIII 

Smooth NA NA NA 1 0 2 0 
+3P6x2 6 2 3 2.1 0.56 9.7 4.9 
+3P6x4 6 4 3 1.7 0.36 5.4 2.7 
+3P6x6 6 6 3 1.5 0.25 4.0 2.0 
 

Following results from the Navicula response to the series of pillars, a second set of 

surface designs was created. This set of surfaces consisted of variations of the Sharklet AF™ 

surface, which is particularly effective against Ulva spores. These surfaces were designed to 

determine the effect of width and spacing independently on Navicula attachment and attachment 

strength, and to determine if attachment or attachment strength correlates to the ERIII. The height 

of all of these surfaces was designed to be approximately 3 µm. 

Two series of surfaces were created based on the Sharklet AF™ design. The first series 

contained surfaces whose features vary in width and spacing. The second series consisted of 

surfaces with 2 µm wide features spaced by 2 µm. The number of distinct features (n in ERIII) in 

this series varied from 1 to 5, with a smooth surface acting as a surface with n = 0. The 4-element 

Sharklet AF™ with 2 µm feature width and 2 µm spacing was included in both series. The 

surfaces with 1 and 2 distinct features have been previously evaluated for Ulva settlement under 

the designations of GR0 and GR1, respectively.48 The surfaces are shown in Figures 5-2 and 5-3 

with the designation as in Equation 5-5. 

Surface Designation = [height][surface design][width]x[spacing]_[distinct features]    (5-5) 

The naming designation of Equation 5-5 is similar to Equation 5-4, with the addition of the 

number of distinct features to distinguish among Sharklet AF™-based designs. These Sharklet 

AF™ surfaces have the surface design “SK”. When the distinct features term is omitted, the 

number of distinct features is n = 4, which is the number of features in the original Sharklet 
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AF™ design. The calculated surface parameters, including ERII and ERIII are shown in Tables 5-

2 and 5-3 and correspond to the surfaces in Figure 5-2 and 5-3, respectively.  

Silicon wafer molds 

Sample molds were created with photolithography and deep reactive ion etching. A quartz 

photomask with the pattern etched out of a layer of chromium was used for photolithography. 

Silicon wafers 4 inches in diameter and of (100) orientation were vapor deposited with 

hexamethyldisilazane (HMDS) to promote adhesion of photoresist. Shipley’s Microposit S1813 

photoresist was spun onto the wafers at 4000 rpm. The photoresist was exposed to 405 nm 

ultraviolet light through the photoresist and developed using AZ MIF 312. Silicon wafers with 

patterned photoresist were etched using deep reactive ion etching by employing the Bosch 

process. In this process, cycles of etching exposed silicon with SF6 were alternated with 

passivation cycles using C4F8. The length of each cycle and number of cycles is determined by 

the depth of the desired etched pattern. After etching, the wafers were cleaned with O2 plasma 

for 5 minutes. 

 
 
Figure 5-2. Scanning electron micrographs of A) +2.8SK2x5, B) +2.7SK2x2, C) +2.4SK5x2, and 

D) +2.5SK10x2.  
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Table 5-2. Characteristics of surfaces varying in width and spacing 
Surface 
designation 

Width 
(µm) 

Spacing 
(µm) 

Height 
(µm) r φS ERII ERIII 

Smooth NA NA NA 1 0 2 0 
+2.8SK2x5 2 5 2.8 1.7 0.21 4.2 8.4 
+2.7SK2x2 2 2 2.7 2.4 0.46 8.8 18 
+2.4SK5x2 5 2 2.4 1.8 0.66 10 21 
+2.5SK10x2 10 2 2.5 1.5 0.79 14 29 
 

 
 
Figure 5-3. Scanning electron micrographs of surfaces with varying numbers of distinct features, 

n. A) SM (n = 0), B) +2.9SK2x2_n1, C) +2.9SK2x2_n2, D) +3.0SK2x2_n3, E) 
+2.7SK2x2 (n = 4), and F) +2.9SK2x2_n5. 

Table 5-3. Characteristics of surfaces varying in n. All designed width and spacing was 2 µm. 

Surface designation Distinct 
features 

Height 
(µm) r φS ERII ERIII 

Smooth 0 NA 1 0 2 0 
+2.9SK2x2_n1 1 2.9 2.5 0.37 7.9 3.9 
+2.9SK2x2_n2 2 2.9 2.5 0.43 8.8 8.8 
+3.0SK2x2_n3 3 3.0 2.5 0.46 9.4 14 
+2.7SK2x2_n4 4 2.7 2.4 0.46 8.8 18 
+2.9SK2x2_n5 5 2.9 2.5 0.47 9.3 23 
 
Material 

The platinum catalyzed SILASTIC® T-2 PDMSe (Dow Corning® ) system was prepared 

by mixing ten parts resin and one part curing agent by weight for 5 minutes, followed by 

degassing under vacuum for 30 minutes. The degassed mixture was cured against HMDS-treated 
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silicon molds for 24 hours at approximately 22°C to form patterned films. These films were 

backed to allyltrimethoxysilane-treated glass microscope slides by curing a layer of PDMSe 

between the microscope slide and the sample film in a second step. Three replicate samples for 

attachment and three replicate samples for strength of attachment were cast. 

Initial Attachment of Navicula 

Attachment and release assays of Navicula perminuta were performed at the University of 

Birmingham, UK by Maureen Callow, James Callow, and John Finlay. Navicula perminuta cells 

were cultured in F/2 medium for 3 days to bring the cells into log growth phase. Cells were 

washed 3 times in fresh medium before harvesting and diluting to give a suspension with a 

chlorophyll a content of approximately 0.25 μg ml-1. Cells were settled in individual dishes 

containing 10 ml of suspension at approximately 20°C on the laboratory benches. After 2 hours 

the slides were exposed to a submerged wash in seawater to remove cells which had not properly 

attached (the immersion process avoided passing the samples through the air-water interface). 

Samples were fixed in 2.5% glutaraldehyde, air dried and the density of cells attached to the 

surface was counted on each slide using an image analysis system attached to a fluorescent 

microscope. Counts were made for 30 fields of view (each 0.064 mm2) on each slide. 

Strength of Navicula Attachment 

Slides settled with Navicula were exposed to a shear stress in a water channel for 5 

minutes. The pillar samples were exposed to 53 Pa, while the Sharklet AF™-based samples were 

exposed to 24 Pa. Samples were fixed and the number of cells remaining attached was counted 

using the image analysis system described above. 

Microscopy 

Images of live diatoms were taken after one hour of settlement on the pillar topographies 

prior to any washing procedure using low power magnification. These images were taken as part 
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of the settlement assays.  From images taken under the microscope the position of diatoms 

relative to the pillars (i.e. above or between) was made for a single field of view on each surface. 

Results and Discussion 

Pillar Topographies 

The pillar topographies contained similar numbers of attached Navicula cells as the smooth 

PDMSe surface (Figure 5-4A) after rinsing to remove cells which had contacted the surface but 

did not attach. All surfaces performed similarly in initial attachment, indicating the diatoms were 

equally likely to attach on all surfaces. Diatom strength of attachment to PDMSe is much greater 

than to glass.31 Consequently removal of cells was relatively low after shear flow of 54 Pa. One 

topographical surface (+3P6x2) showed improved release performance versus the smooth 

PDMSe surface, while the other two surfaces performed similarly to the smooth surface. The 

+3P6x2 surface decreased numbers of Navicula cells by 25% after exposure to shear (Figure 5-

4B) and more than doubled the percent release versus the smooth control (Figure 5-4C). The 

+3P6x4 and +3P6x6 surfaces had similar numbers of cells after exposure to shear as the smooth 

surface, with similar removal rates. 

Navicula cells, which are approximately 12 µm long and 4 µm wide, were too large to fit 

between the features on the +3P6x2 surface, causing nearly all of the Navicula cells to remain on 

top of the +3P6x2 topography. The few diatoms on this surface which were not situated above 

the pillars were generally wedged at angle between them, sticking out from the surface and not 

properly attached. In contrast, the cells were small enough to fit between the features on the 

+3P6x4 and +3P6x6 surfaces, allowing most of the cells on these two surfaces to reside in the 

recessed regions between the features (Figure 5-4D). Cells residing between the features, as on 

the +3P6x4 and +3P6x6 surfaces, were protected from the shear stress produced by the water 

flow. Cells on the +3P6x2 surface had only part of the cell in contact with the surface, generally 
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providing only two points of attachment. The 6 µm features are not long enough to allow the full 

length of the 12 µm long diatom to fit on top of the square pillar. The cells on the +3P6x2 

surface were not protected from the flow, and less of the cell could contact the surface compared 

to cells on the smooth surface. These factors likely contributed to lower attachment strength of 

the diatoms on the +3P6x2 surface than on the other surfaces. 

 
 
Figure 5-4. Navicula response to Pillar topographies. A) attachment, B) number of cells after 

exposure to shear, C) percentage of cells released by shear, and D) percentage of 
Navicula cells above topographies. Bars show 95% confidence intervals. Asterisks 
denote groups that are statistically different (B, C: Tukey’s test, α = 0.05, D: 
Marascuilo procedure, α = 0.05). 

The attachment occurs from contact between the surface and mucilage from the raphe. If 

the cell falls between the features and contacts the bottom of the recessed region, the raphe can 

contact the surface and provide firm attachment. Similarly, raphid diatoms on a smooth surface 

can place their raphes in contact with the surface. Cells centered between two features, but 
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unable to fall between the features, have a limited area of contact between the cell and the 

surface. This limited contact makes raphe-surface contact difficult, especially considering 

diatoms reposition themselves using mucilage from the raphe. 

The surface with 2 µm spacing between features outperformed the 4 and 6 µm spacing 

surfaces in terms of release, and performed as well in terms of attachment. This data reinforces 

conclusions by Scardino et al. 20068 that the 2 µm dimensions are effective at reducing Navicula 

fouling. There are several important distinctions between the previous study and the data 

included here. First, the continuous ripples in Scardino et al. 2006 had feature width of 2 µm, 

while the pillar topographies had features 6 µm wide and long and were not continuous. Second, 

the 2 µm ripples reduced attachment (attachment strength was not evaluated), while the 6 µm 

pillars spaced by 2 µm reduced attachment strength, but had no effect on attachment. 

Sharklet AF™-Based Topographies 

The surfaces based on the Sharklet AF™ were aimed at determining the effect of feature 

spacing, feature width, and the ERI on Navicula attachment and attachment strength. In 

evaluating the effect of feature width and spacing, the +2.8SK2x5, +2.4SK5x2, +2.5SK10x2, and 

the smooth surface had similar numbers of attached Navicula cells prior to shear. The 

+2.7SK2x2 surface, with feature width of 2 µm and feature spacing of 2 µm, had reduced 

attachment of Navicula. The +2.7SK2x2 surface reduced attachment by 35% versus the smooth 

control. The attachment data is shown in Figure 5-5A. 

The attachment data supports previous data and conclusions by Scardino et al.8 The 

surfaces with 2 µm feature width and 2 µm spacing reduced initial attachment of diatoms by 

approximately 35% versus a smooth surface. This reduction is similar to the reduction on the 

sinusoidal ridge/channel topographies with 2 µm wide ridges and 2 µm wide channels found by 

Scardino et al. 2006 (labeled the 4 µm wavelength ripple surface). Surfaces that allowed cells to 
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sit on top of the features, as on +2.5SK10x2 and +2.4SK5x2, did not show improvements over 

smooth in terms of initial attachment. Likewise, surfaces that allowed cells to fit between the 

features, as in +2.8SK2x5, performed similarly to smooth for initial attachment. This is 

consistent with the pillar topographies, which allowed the diatoms either to fit on top of the 

features or to fit between the features and did not reduce initial attachment of Navicula. 

The numbers of diatom cells after exposure to flow generally follow the attachment data. 

The number of cells on the +2.7SK2x2 surface was approximately 40% lower than on the 

smooth surface after shear. The +2.8SK2x5 surface showed some reduction, though the 

reduction was not statistically significant. Figure 5-5B shows the numbers of Navicula cells on 

each surface after shear. 

The percent released of attached diatoms by flow is shown in Figure 5-5C. The decreased 

numbers of cells versus smooth on the +2.7SK2x2 after flow is primarily due to a decrease in the 

number of cells initially attached. Unlike on the pillar topographies, the surfaces with 2 µm 

spacing and wide features (+2.4SK5x2 and +2.5SK10x2) did not show increased release 

compared to smooth. This may be because the wide features in the Sharklet AF™-based designs 

are also longer than the pillar topographies features. The lengths of the features vary from 10 µm 

to 40 µm for +2.4SK5x2 and from 20 µm to 80 µm for +2.5SK10x2; while the pillars were 

consistently 6 µm x 6 µm. The longer features of the +2.4SK5x2 and +2.5SK10x2 allow the 

diatom cells to entirely attach to the tops of these features. In contrast, the diatoms could only 

partially attach to the Pillar surfaces due to the cell being longer than the pillar. 

The number of cells initially attached to the Sharklet AF™-based surfaces with 2 µm 

spacing, 2 µm width, and number of features varying from 1 to 5 are shown in Figure 5-6A. All 

of the Sharklet AF™-based surfaces with 2 µm width and 2 µm spacing reduced initial Navicula 
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attachment by between 32% and 41% versus smooth. These Sharklet AF™ surfaces performed 

similarly, and all were statistically different than smooth. The number of features in the design, 

at least within the range of 1 to 5, did not affect Navicula attachment. Instead, a feature width of 

2 µm and spacing between the features of 2 µm are the critical dimensions. At approximately 3 

µm in height, all of these SK2x2 surfaces performed similarly against attachment.  

 
 
Figure 5-5. Navicula response to surfaces varying in width and spacing. A) attachment, B) 

number of cells remaining after shear, and C) percent cells removed by shear from 
Sharklet AF™-based surfaces with varying width and spacing. Bars represent 95% 
confidence intervals. Asterisks denote groups that are statistically different (Tukey’s 
test, α = 0.05). 

After exposure to 24 Pa shear, most of the SK2x2 surfaces performed similarly, with the 

exception of the +2.9SK2x2_n5 surface (Figure 5-6B). The +2.9SK2x2_n5 surface had slightly 

fewer remaining cells than the smooth control, and slightly more remaining cells than the other 

SK2x2 surfaces. The percentage of cells released from these surfaces, including smooth, was 
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similar with the exception of the +2.9SK2x2_n5 surface (Figure 5-6C). This surface had no 

release of attached diatoms, while the other surfaces released approximately 20% to 30% of the 

attached cells. 

 
 
Figure 5-6. Navicula response to n-Series topographies. A) Attachment, B) number of cells after 

exposure to shear, and C) percent cells released by shear from Sharklet AF™-based 
surfaces with varying number of unique features (n). Bars represent 95% confidence 
intervals. Asterisks denote groups that are statistically different (Tukey’s test, α = 
0.05). 

Observations showed that Navicula cells were too large to fit between the 2 μm spacing 

that separated the features and consequently attachment was confined to the surface provided by 

the feature tops. Due to the small width of the features, many of the diatoms straddled several 

features. As on the +3P6x2, diatoms that were touching two features but unable to fall between 

them would be loosely attached, as the raphe has limited contact with the surface. As the number 

of features in the pattern increased, the length of the longest available feature increased as well, 
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from 4 μm (+2.9SK2x2_n1) to 20 μm (+2.9SK2x2_n5). The availability of longer features 

increased the proportion of continuous surface available for adhesion, potentially increasing 

attachment strength of some of the diatoms. In the pattern with the most features 

(+2.9SK2x2_n5), the central ridges were approximately the same length as a diatom cell (20 μm) 

All of the Sharklet AF™-based surfaces were run together in a single experiment, and 

comparisons between the two sets are therefore legitimate. Surfaces whose width and spacing 

was 2 μm had improved performance in preventing attachment by Navicula, consistently 

reducing attachment by approximately 35%. Surfaces whose width or spacing was at least 5 μm 

performed similarly to the smooth surface in terms of Navicula attachment. This nearly equal 

settlement on these surfaces indicates Navicula cells simply attempt to attach if they come into 

contact with the surface and have little or no additional sensing abilities for initial attachment. 

Removal rates were similar across all surfaces, with the exception of the +2.9SK2x2_n5 surface, 

whose removal rate was zero. The +2.8SK2x5 removal rate was slightly higher than the other 

surfaces, though it was statistically different from only the +2.5SK10x2 surface. The attachment 

numbers on all of the Sharklet AF™ surfaces are shown in Figure 5-7. 

 
 
Figure 5-7. Comparison of Navicula response among all Sharklet AF™ surfaces. A) Attachment 

and B) percent release. 
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The biosettlement model, when applied to Navicula, predicted several things that were not 

observed experimentally. First, the +2.5SK10x2 surface was predicted to outperform all other 

surfaces. However, this surface was found to have similar numbers of attached cells and a similar 

percent release as the smooth surface. The +2.5SK10x2 surface also underperformed several 

other surfaces. The +2.4SK5x2 was predicted to outperform all surfaces except the +2.5SK10x2 

and +2.9SK2x2_n5 surfaces. The +2.4SK5x2 surface performed similarly to the smooth surface 

and had higher numbers of attached cells than the surfaces with 2 μm feature width and 2 μm 

spacing (+2.8SK2x2_nX surfaces). The Navicula response was predicted to correlate to the 

number of distinct features, n, but this was not found experimentally. All of the surfaces with 2 

μm feature width and 2 μm spacing had similar numbers of attached cells, and the release rates 

were not statistically different with the exception of the +2.9SK2x2_n5 surface. 

The Navicula attachment and release were also compared to the components of the ERIII 

and to the ERII to determine any other correlations (Table 5-4). The Navicula responses did not 

correlate with the ERII, ERIII, or two of the variables involved in the biosettlement model. The 

only variable that correlated with Navicula attachment before and after shear was the Wenzel 

roughness (r). The high correlation coefficients (R2) between attached cells (before and after 

flow) and Wenzel roughness are somewhat misleading. The values of r are not widely 

distributed, but instead clumped in two main groups: surfaces with 2 μm feature width and 2 μm 

spacing (+2.8SK2x2_nX surfaces), and surfaces with larger feature width or larger spacing. The 

high correlation coefficient is a result of differences in Navicula response to these two groups of 

surfaces, not necessarily a result of the Wenzel roughness values. The Wenzel roughness may 

play a role in determining Navicula attachment, but the data suggest that the width and spacing 

of 2 μm is the determining factor. 
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The fact that the biosettlement model predicts Ulva linza spore settlement but does not 

correlate with Navicula perminuta attachment is not surprising. The Ulva spores are flagellated 

and swim toward the surface, while the diatoms do not have a motility mechanism when 

approaching the surface. The Ulva spores can use their motility to search the surface prior to 

settling, while the diatoms cannot choose where to attach among locations. The difference in 

motility may be one of the reasons the two species do not respond the same way to the 

Engineered Roughness Index, and other biological differences are likely to contribute to 

differences in response. 

Table 5-4. Correlation coefficients (R2) for regressions of Navicula response to Engineered 
Roughness Index 

 ERII ERIII r 1/(1-φS) n 
Navicula attachment   0.02 <0.01 0.84 0.11 <0.01 
Navicula after shear <0.01   0.09 0.74 0.24   0.01 
Percent cells released by shear   0.07   0.20 0.02 0.03   0.10 

 
In terms of attachment point theory, proposed by Scardino et al. 2006,8 the results are 

supportive of the theory, though some difficulties persist. All of the surfaces that allow the 

diatoms to sit on top of or between the features had similar numbers of attached cells as the 

smooth surface. All of these surfaces would be described as having multiple attachment points 

by the attachment point theory. All of the Sharklet AF™-based surfaces whose width and 

spacing are 2 μm, have similar densities of attached diatoms. The cells cannot sit between or on 

top of the features in these surfaces, limiting the number of points in contact between the cell and 

the surface. The decrease in the density of attached diatoms on these surfaces supports 

attachment point theory. 

Not all of the data supports attachment point theory. The cells are longer than many of the 

features in these surfaces, in particular the +2.9SK2x2_n1 surface. On this surface, each cell is 
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long enough to contact at least 4 of the 4 μm long features. If the cell is lying in the direction 

perpendicular to the length of the features, the cell is long enough to contact approximately 8 

features. Both of these scenarios were observed microscopically. Diatom cells are able to contact 

fewer features as the number of distinct features in the surface design increases. According to 

attachment point theory, the number of attached diatoms should decrease as n increases, which 

was not observed from the data. 

The mechanism by which diatoms sense the surface to determine whether to attach or 

where to attach is not entirely understood. The raphes are known to control motility and provide 

adhesion through excreted mucilage, and the interaction between the mucilage likely has a 

significant role in determining adhesion. Contact between a raphe and the surface likely 

determines whether the diatom will attach. Of the surfaces tested, all surfaces which had a large 

enough area for the entire diatom cell to contact the surface had similar numbers of attached 

cells. These surfaces allowed one of the raphes to fully contact the surface. Surfaces spaced by 2 

μm and with feature width of 2 μm likely prevented or reduced raphe-surface contact by 

suspending the diatom cells between features. Suspended cells whose raphes had little or no 

contact with the surface would not be able to attach, which would explain the ability of this 

subset of surfaces to reduce attachment. Attachment point theory currently uses the number of 

points of cell-surface contact, but it may be more appropriate to approach the theory from a 

raphe-surface point of view, since adhesion occurs at the raphes. Area or length of raphe-surface 

contact or number of contact points between raphe and surface may be appropriate modifications 

to the attachment point theory. 

Further testing of diatom response to topographies could be performed using additional 

surfaces with 2 μm feature width and 2 μm spacing. Several of these surfaces with different 
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values for Wenzel roughness and φS have been previously evaluated for Ulva settlement by 

Schumacher et al. 2007.47 The roles of these variables in the fouling response of diatoms could 

be tested using these surfaces. 

Conclusions 

The data suggest that in order to reduce fouling by cells Navicula perminuta diatoms, the 

dimensions of engineered topographies should be designed to prevent the cells from sitting on 

top of or between the features. Surfaces with areas between features large enough for the cell to 

sit on top of or between the features had Navicula attachment similar to the smooth surface. 

Sharklet AF™-based surfaces with feature width of 2 μm and spaced apart by 2 μm consistently 

reduced Navicula attachment by between 30% and 40%. The percentage of cells released by 

shear flow was in general similar among the surfaces with several exceptions. The critical 

dimension of 2 μm appears to be the most important factor in determining Navicula attachment. 

The biosettlement model did not correlate with cell attachment or release. Differences in motility 

between Ulva linza spores and Navicula cells may explain differences in response to 

topographies. The data, in line with previous findings for patterns effective against Ulva spores 

and barnacle larvae, show that there is a strong relationship between the dimensions of the 

colonizing organism and the dimensional scale of topographical features and spacing. 
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CHAPTER 6 
TECHNIQUE FOR MAPPING SETTLEMENT ON SURFACES AND THE PREFERENTIAL 

SETTLEMENT LOCATIONS OF ULVA LINZA ALGAL ZOOSPORES 

Introduction 

Several foulers have been shown to prefer certain localized regions of topographical and 

chemical surfaces. However, studies of this preference have been limited to either simple 

geometries (i.e. channels/ridges or pillars) or to observational evidence. Ulva linza spores have 

been shown in a number of studies to settle in depressed regions of topographies, especially 

when the spore can touch both the side of a feature and the floor region.7, 54, 55 Both Ulva spores 

and diatoms settled in depressions on hierarchically wrinkled surfaces.53 A variety of species 

were found 56 to foul preferentially in pits between hemispherical protrusions on the millimeter 

scale. Several bacteria species have shown preferential attachment on several channel 

topographies under static and flow conditions.57, 58 The preferential settlement of Ulva spores to 

localized locations extends to chemical patterns, at least for one dimensional stripe patterns 

(analogous to ridges/channels). The spores prefer fluorinated chemical stripes instead of 

poly(ethylene glycol)-modified chemical stripes.59 

Preferential locations for Ulva settlement have been observed on the more complex 

Sharklet AF™ and two-element topographical designs, but the preference has not been 

quantified. Spores were observed to settle centered between at least two features of the Sharklet 

AF™, specifically between adjacent diamond patterns.46 The spores could not penetrate the 

pattern, and instead bridged the features. This preference was observed on surfaces with two 

rectangular elements spaced at the 2 µm critical dimension for Ulva 48. On one surface with 2 µm 

pillars and 10 µm rectangles, the Ulva spores avoided the triangles, despite being able to entirely 

fit on the triangles.47 
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In all of these studies on surfaces more complex than a single element, the preferential 

settlement locations were not quantitatively evaluated and relied on observational evidence. 

Some one-dimensional analysis has been performed for channels, but two-dimensional 

quantitative analysis has not been performed. Quantitative analysis would allow for the 

identification of preferential sites, some of which may not be apparent with observational 

analysis. 

The field of statistically modeling clusters attempts to identify locations of elevated 

incidence of some event.105 This approach is commonly used to identify clusters of disease cases 

in order to locate causes of these diseases.106 Geographical regions are not typically 

translationally symmetric in shape, geographical features, and human activity.  Translational 

symmetry is rarely used in cluster modeling due to the non-symmetric nature of most of the areas 

of interest. Similar techniques, modified for translational symmetry have the potential to map 

cell location on translationally symmetric topographies. This mapping would allow for the 

identification of pattern features which increase or reduce cell response.  

Materials and Methods 

Topographical Surfaces 

Engineered topographical surfaces that were previously assayed for Ulva linza spore 

settlement were used for the evaluation of preferential settlement locations.48 The Gradient 

surfaces (GR0, GR1, GR2, GR3, GR4, and GR5), the Sharklet AF™, and Recessed Sharklet 

AF™ surfaces have features 2 µm wide, spaced by 2 µm, and between 2 and 3 µm tall. These 

surfaces are shown in Figure 6-1. 

The dimensions of the surfaces features were analyzed using scanning electron 

microscopy, and the surfaces were renamed using the designation in Equation 6-1. 

Surface Designation = [height][surface design][width]x[spacing]       (6-1) 
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Figure 6-1. Scanning electron micrographs of Gradient and Sharklet AF™ surfaces. A) GR0, B) 

GR1, C) GR2, D) GR3, E) GR4, F) GR5, G) Sharklet AF™, and H) Recessed 
Sharklet AF™. 

In Equation 6-1, a “+” preceding the height indicates the features protrude from the 

surface, while a “-” indicates the features are recessed (i.e. pits). The height or depth of these 

features is indicated by the [height] term, the feature width is denoted by [width], and the spacing 

between the features is denoted by [spacing]. The surface designs for the Gradient surfaces are 

“GR0” through “GR5”, and “SK” for the Sharklet AF™ design. All dimensions are given as µm. 

The surface designations are shown in Table 6-1. 

 
Sample Preparation 

Images of settled Ulva linza spores on topographical surfaces were obtained during 

previous Ulva settlement assays. Sample preparation and Ulva settlement assays are described 

here briefly. 

The two-dimensional surface patterns were produced in a darkfield photomask. Silicon 

wafers 4” in diameter and of (100) orientation were patterned with photolithography using 

Shipley’s S1813 photoresist. Deep reactive ion etching was used to etch the silicon wafers to the 

desired height, followed by an O2 plasma clean to remove the photoresist from the wafers. The 
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mold for the Recessed Sharklet™ was created by solution casting Kraton® styrene-

ethylene/butylene-styrene (SEBS) block copolymer onto the silicon wafer Sharklet AF™ mold 

from toluene. 

Table 6-1. Surface designations for Gradient, Sharklet AF™, and Recessed Sharklet AF™ 
surfaces 

Surface Designation 
GR0 +2.4GR0_2x2 
GR1 +2.5GR1_2x2 
GR2 +2.5GR2_2x2 
GR3 +2.4GR3_2x2 
GR4 +2.5GR4_2x2 
GR5 +2.3GR5_2x2 
Sharklet AF™ +2.5SK2x2 
Recessed Sharklet AF™ -2.0SK2x2 
 

Dow Corning SILASTIC® T2 poly(dimethyl siloxane) elastomer (PDMSe) was prepared 

by mixing the resin and curing agent in a 10:1 ratio for 5 minutes. The mixture was degassed for 

30 minutes and cured against the sample molds for 24 hours at approximately 22°C. PDMSe 

sample surfaces were backed to glass microscope slides using allyltriethoxysilane as a coupling 

agent. Resulting samples consisted of a square patterned area in the center of the slide with 

smooth PDMSe covering the remainder of the slide. The patterned area was 25 mm x 25 mm 

(Sharklet AF™ and Recessed Sharklet AF™) or 15 mm x 15 mm (Gradient surfaces). Samples 

surfaces were rinsed with 95% ethanol (5% distilled water) and blown with dry N2. 

Ulva Linza Assay 

Ulva linza zoospore assays were performed at the University of Birmingham, UK by 

Maureen Callow, James Callow, and John Finlay.  Each surface was previously evaluated for 

Ulva linza spore settlement using standardized spore settlement protocols as described 

previously.102 Ulva linza plants were collected from Wembury Beach, UK (50 °18′N, 4°02′W), 

and the zoospores were released as previously described. Samples were immersed in deionized 
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water for 24 hours, followed by 2 hours in Instant Ocean® artificial sea water prior to the Ulva 

assay. Each sample surface was placed into an assay dish, and 10 ml of zoospore solution (1.5 x 

106 spores/ml) was added to each assay dish. The samples were incubated in the dark at 

approximately 20°C for 45 minutes. The samples were rinsed to remove any unattached 

zoospores and fixed with 2% glutaraldehyde in seawater for 10 minutes. The glutaraldehyde 

solution was rinsed off using a sequence of seawater, 50% seawater in distilled water, and 

distilled water prior to drying. 

Images were obtained using a Zeiss epifluorescence microscope as part of the Ulva linza 

zoospore assays. The images combined light from transmission through the sample and 

fluoresced light from the chlorophyll in the spores. The transmitted light allowed the 

topographical surfaces features to be distinguishable in the image, and the fluoresced light from 

the spores allowed the spores to be distinguishable in the image. 

Image Analysis 

The positions of the spores within the topographical pattern were determined in a multistep 

process. First, the symmetric elements of the patterns were determined in order to create an 

asymmetric unit that represents the pattern. Second, a vector notation was derived for each 

pattern, enabling multiple images to be combined. Third, the spore centroid locations were 

determined in the Cartesian coordinate system of the image and converted to the vector notation. 

Fourth, symmetry operations were performed on the spore centroid locations to bring each 

location into the asymmetric unit. 

Asymmetric units 

The symmetry of each surface design was determined using analysis of symmetry 

elements. The symmetry elements on the Sharklet AF™ surface are shown in Figure 6-2, along 

with the lattice vectors. The vector v1 is the direction perpendicular to the features, and v2 is the 
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direction parallel to the features. The plane group for the Sharklet AF™ is c2mm. The 

asymmetric unit for each surface was determined from the symmetry elements. Multiple 

asymmetric units are possible for a given surface, as shown in Figure 6-3. All of the asymmetric 

units for a surface are functionally equivalent and vary only in aesthetics. The asymmetric unit 

shown in Figure 6-3C was chosen to represent the Sharklet AF™ surface. Mathematically, the 

unit is more complex to describe than the other two units, but Figure 6-3C presents the data in a 

more visually meaningful way. This asymmetric unit does not split individual features within the 

unit, and keeps the gap between adjacent diamonds continuous. 

 
 
Figure 6-2. Symmetry elements of the Sharklet AF™ surface and lattice vector notation. Ovals 

represent two-fold rotation; solid lines represent mirror lines; and dashed lines 
represent glide lines. 

The asymmetric units for the other surfaces were determined in a similar manner as the 

Sharklet AF™. These asymmetric units are shown in Figure 6-4. The Recessed Sharklet AF™ 

has the same asymmetric unit as the Sharklet AF™, since both surfaces have the same two 

dimensional pattern. 
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Figure 6-3. Three asymmetric units for the Sharklet AF™, indicated by the outlined shape. Areas 

of features within the asymmetric unit are colored with blue. 

 
 
Figure 6-4. Asymmetric units for evaluated surfaces: A) GR0, B) GR1, C) GR2, D) GR3, E) 

GR4, F) GR5, G) Sharklet AF™ and Recessed Sharklet AF™. Vectors are in terms of 
the lattice vectors. 

Vector notation 

The vector notation is based on the lattice vectors for the surface patterns (Figure 6-2). In 

order to convert the Cartesian coordinate system for each image to the vector coordinate system, 

the Cartesian coordinates of several selected points were identified. Image analysis was 

performed using ImageJ software.92 The vectors between lattice points in both directions 

(perpendicular to the features and parallel to the features) were calculated in the Cartesian space 

and compared to the lattice vector lengths. The lattice points were chosen to be multiple lattice 

vector lengths apart to reduce error in determining the lattice vector lengths. Additionally, the 

process was performed in two separate locations on the image to further reduce error though 

averaging. The ends of the largest features in the pattern were used because of the relative ease 
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of determining the location of these points. The location of one lattice point in the Cartesian 

coordinates was found after determining one more point: the bottom of one of the largest 

features. The average of the bottom and top of this feature gives the center point of the feature 

and the location of the lattice point. These five points are shown in Figure 6-5 as an example. 

The number of diamonds (i.e. vector lengths) between points varies among images and among 

surfaces tested. 

 
 
Figure 6-5. Representative Cartesian coordinates for vector transformation on an image of Ulva 

spores settled on the Sharklet AF™ surface. Inset shows higher-magnification view 
of locations A and B. 

The vectors v1 and v2 were calculated from Equations 6-2 and 6-3, respectively. The factor 

of 2 in the denominators indicates the average between two calculations. The calculations of v1 

and v2 for all surfaces are calculated similarly. 
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The location of the lattice point between A and B was calculated by averaging the x and y 

coordinates of the A and B points. Up to four lattice points on each image were determined using 

similar calculations. The lattice points were selected to minimize the distance between the spore 

locations and the nearest lattice point. Choosing multiple lattice points reduces the error in the 

final location. 

Spore centroid locations 

The locations of the spores on the image were determined using ImageJ software. The 

images were converted to black and white, followed by applying a threshold operation. The 

threshold operation removed the surface features from the image, leaving only the fluorescent 

spores in the image. An image that has undergone the threshold operation is shown in Figure 6-6. 

Particle analysis was then performed to determine the centroids of the bright spores. 

Occasionally, a part of a topographical feature was bright enough to remain after the threshold 

operation and these spots were disregarded. The ImageJ particle analysis determined spore 

centroids in the Cartesian coordinate system. In this process, the centroid of the region is 

determined by using the Cartesian coordinates of the pixels in each particle and calculating the 

centroid from the pixel locations. 

 
 
Figure 6-6. Threshold operation of settlement image: A) Settlement image and B) Thresholded 

image. 
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Only individual spores were included in the analysis. The analysis is focused on spores 

interacting with the topographical surface. Settled spores alter the local topography and produce 

chemical cues that attract other spores. In groups of spores, the first spore cannot be 

distinguished from spores that subsequently settled. Only single spores could be guaranteed to 

have interacted with an area of the surface containing no other spores, and thus were the only 

spores used in the analysis. 

Conversion of centroids to vector system 

The closest identified lattice point (up to four were identified in each image) was found for 

each of the spore centroids. Any lattice point would provide a registration point, but error in the 

final map increases as the length of the position vector increases. The vector in the Cartesian 

coordinate system between the lattice point and the centroid was determined and converted to a 

vector in the lattice vector space. For a spore of arbitrary label “a” with position a(x, y) = (ax, ay), 

the vector La between the nearest lattice point L(x, y) and “a” in vector space follows Equations 

6-4 and 6-5. 
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Translational symmetry was used to transform La(v1, v2) to the vector a′(v1, v2) that 

describes the position of the spore relative to a lattice point within one unit cell: within (0, 0) and 

(v1, v2). First, the mirror symmetry in both the v1 and v2 directions at each lattice point was used 

in the calculation to make all of the vector components positive. Second, the fractional portion of 

the vector components (above multiples of v1 and v2) were taken to determine the single unit cell 

vector for the spore centroids. One unit cell contains eight asymmetric units for the GR1, GR2, 
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GR3, GR4, Sharklet AF™, and Recessed Sharklet AF™ designs. This area contains four 

asymmetric units for the GR0 and GR5 designs. The calculation is shown in Equation 6-6. 

( ) ( )( )1,mod,1,mod),(
2121 vv aavva =′             (6-6) 

The mirror symmetry within a unit cell was used to convert a′(v1, v2) into a vector a′′(v1, 

v2) which is the vector to the centroid within (v1, v2) = (0, 0) to (0.5, 0.5). This area contains two 

asymmetric units for the GR1, GR2, GR3, GR4, Sharklet AF™, and Recessed Sharklet AF™ 

designs. The area contains one asymmetric unit for the GR0 and GR5 designs. The two-fold 

rotation at (v1, v2) = (0.25, 0.25) for the GR1, GR2, GR3, GR4, Sharklet AF™, and Recessed 

Sharklet AF™ designs was used convert a′′(v1, v2) to a′′′(v1, v2), which falls entirely within one 

asymmetric unit. These calculations are shown in Equations 6-7 and 6-8. The equation for the 

boundary of the asymmetric unit depends on the pattern and the asymmetric unit chosen. The 

process from image vector La to asymmetric vector a′′′ is shown in Figure 6-7. 
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Figure 6-7. Process of transformation from lattice vectors A) La to B) a′′ to C) a′′ to D) a′′′. 
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Settlement Maps and Smooth Histograms 

Using this vector system, spore locations from multiple images of the same surface pattern 

were compiled onto a single asymmetric unit. The asymmetric units and the spore positions were 

reflected and rotated to provide a presentation that is visually meaningful. This duplication is 

represented for one example location in Figure 6-8. 

The Ulva spore settlement maps were converted into smoothed histograms as a method of 

estimating the relative settlement probability distribution within a surface. The smoothed 

histogram was created by binning the spore centroids into small bins (each bin 0.01 µm2) 

according to position, followed by local smoothing between histogram bins. Smoothing was 

performed with first and second order penalty smoothing, following the procedure outlined by 

Eilers and Goeman.107 

 
 
Figure 6-8. Example of duplicating asymmetric unit and spore locations for presentation. 
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Results and Discussion 

Each settled spore represents an individual realization of the underlying settlement 

probability function, and each spore is therefore an experiment. Each map contained a total of 

between 44 and 71 individual mapped spores. Each spore centroid is represented by a single 

marker on the settlement map. The markers are approximately 0.1 to 0.2 µm wide when drawn 

on the maps for the surfaces with 2 µm wide features, but represent the centroids of spores that 

are approximately 5 µm in diameter. The maps are not intended to describe how much of a 

region an individual spore covers; instead the maps are designed to show where the spores land. 

If the full 5 µm width of the spore were included in the marker size, the markers would fill most 

of the map, and little useful information could be distinguished from the map. The spore 

settlement maps for the Gradient surfaces are shown in Figure 6-9. 

 
 
Figure 6-9. Spore settlement maps on Gradient surfaces. Each spore and asymmetric unit is 

represented 8 times (GR1, GR2, GR3, and GR4) or 16 times (GR0 and GR5). 
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The spore settlement maps show several important aspects of the Ulva spore settlement on 

these surfaces. First, only two spores (out of 301) settled on the protruding features. One of these 

spores was centered on the feature of the GR0 (+2.4GR0_2x2) surface. The other spore was at 

the very corner of the 12 µm long feature of the GR4 (+2.5GR4_2x2) surface. All other spores 

(>99%) settled centered on recessed regions. The spores were too large to fit between the 

features, but they settled bridging the features. 

The second important aspect shown by the maps is that most of the spores settled at the 

intersections of multiple features (Table 6-2). Both of these aspects were previously observed in 

previous reports, but here the preference is quantified. The spores on the GR0 (+2.4GR0_2x2) 

surface settled within a very tight area, with 96% settling within the intersection of four adjacent 

features. Statistically, all of the preferential locations on the Gradient surfaces are significantly 

different than if the spores were randomly distributed within the depressed regions. 

Table 6-2. Spore preference on Gradient surfaces with 95% confidence intervals.  
Surface Spores in Intersections (%) Spores in Intersections/Total Spores 
+2.4GR0_2x2 96 ± 7* 43/45 
+2.5GR1_2x2 69 ± 13* 35/51 
+2.5GR2_2x2 76 ± 12* 39/51 
+2.4GR3_2x2 82 ± 11* 36/44 
+2.5GR4_2x2 56 ± 13* 29/52 
+2.3GR5_2x2 79 ± 10* 46/58 
Asterisks (*) denote proportion is statistically different than expected if spores were evenly 
distributed in depressed regions (α = 0.05). 
 

The spore maps for the two surfaces with the 4-element Sharklet AF™ pattern (Sharklet 

AF™ +2.5SK2x2 and Recessed Sharklet AF™ -2.0SK2x2) are shown in Figure 6-10. These two 

surfaces have the same two-dimensional pattern, but differ in the nature of the features. The 

Sharklet AF™ (+2.5SK2x2) surface has features that protrude, while the Recessed Sharklet 

AF™ (-2.0SK2x2) surface has features that are recessed (i.e. pits). The Sharklet AF™ has two 

distinct intersections (labeled as the settlement sites 2 and 3 in Figure 6-10). The two sites 
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denoted “2” are the intersections of four distinct features (4, 8, 12, and 16 µm lengths), while the 

site denoted “3” is the intersection of two distinct features (two 8 and two 12 µm long features).  

 
 
Figure 6-10. Spore settlement maps for Sharklet AF™ and Recessed Sharklet AF™ surfaces. 

Each spore and asymmetric unit is represented 8 times. Apparent preferential sites are 
circled and numbered. 

The spore settlement maps clearly show that the spores settle within the depressed regions 

on both surfaces. On the +2.5SK2x2 surface, the spores settle centered between the features, 

while on the -2.0SK2x2 surface, the spores settle centered on the recessed features. The spores 

are too large to fit within the depressed regions on both surfaces. On the Sharklet AF™ surface, 

96% of the spores settled on the depressed regions, and on the Recessed Sharklet AF™, 94% of 

the spores settled on the recessed regions. On the +2.5SK2x2 surface, a large proportion of the 

spores settled within the preferential site 2, which is twice as large as the preferential sites 1 (due 

to the presence of two identical sites labeled 2). 

The probability density (% of spores in the site per the area the site encompasses) is a 

better descriptor of the probability a given spore will settle in a specified location than the 
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percentage of spores that settle within the location. When all of the locations are of similar sizes 

and are present in equal numbers, the two quantities are simply scaled. However, on the Sharklet 

AF™ surface, the intersection sites (2 and 3) are twice as large as site 1. There are two identical 

sites labeled 2, and combined they encompass twice the area of site 3 (four times the area of site 

1). The spore preference was normalized with respect to area of the site to compare within a 

surface to compare the probability densities. Quantification of the spore preference on the 

Sharklet AF™ and Recessed Sharklet AF™ is shown in Table 6-3. The settlement probability 

densities cannot, in general, be compared among different surfaces because the total number of 

settled spores (including clusters) is not factored into the analysis. 

 Table 6-3. Spore preference on Sharklet AF™ and Recessed Sharklet AF™ surfaces with 95% 
confidence intervals 

Recessed   Sharklet AF™ Sharklet AF™ (+2.5SK2x2) (-2.0SK2x2) 
Probability 
Density 

Probability 
Density Percent Percent 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
2μm

spores %
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
2μm

spores %(%) (%)    

Spores in intersections 56 ± 12* 4.6* 0 0 
Spores in preferential site 1  11 ± 7 5.5 14 ± 8 7.0 
Spores in preferential site 2  39 ± 11* 4.9* 25 ± 10* 6.3* 
Spores in preferential site 3  17 ± 9 4.2 NA NA 
Asterisks (*) denote proportion is statistically different than expected if spores were evenly 
distributed in depressed or recessed regions (α = 0.05) 
 

In terms of density, the all of the identified preferential settlement sites are similar on the 

Sharklet AF™ surface. However, only the settlement sites labeled 2 are statistically significant 

compared to a random distribution of spores within the depressed regions. The spore density on 

site 1 is larger than on site 2, but the total area encompassed is much smaller and fewer total 

spores landed in site 1 than in site 2. This difference in total spores leads to the statistical 

conclusion that the preferential site 2 is significant, while site 1 cannot be declared significant. 
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The Recessed Sharklet AF™ surface has two preferential settlement sites, but only site 2 is 

statistically significant. Site 1 on the Recessed Sharklet AF™ is only half of what it appears in 

Figure 6-10: the circled region comprises Site 1 and a mirrored version of Site 1. Site 2 is 

completely within the asymmetric unit and is of the apparent size in Figure 6-10. Site 2 

encompasses twice the total area of site 1, which can also be explained by the fact that there are 

two 8 µm features (on which Site 2 resides) in the design, and only one 16 µm feature (on which 

Site 1 resides). Both preferential sites on the Recessed Sharklet AF™ have similar probability 

densities, suggesting Ulva spores are similarly attracted to both of these sites. 

Smoothed histograms are a method of estimating probability densities, and convey 

additional information. The smoothed histograms of the Ulva spore settlement maps on the 

Gradient surfaces are shown in Figure 6-11. These histograms indicate that the spore settlement 

probabilities are highest at the center of the intersection of three or four features. The high 

density areas on the +2.4GR0_2x2 and +2.3GR5_2x2 surfaces are nearly circular, and the 

density between the preferential sites on these two surfaces is very low. 

The smoothed histograms of the Sharklet AF™ and Recessed Sharklet AF™ are shown in 

Figure 6-12. Some interesting things are revealed in the smoothed histograms that were not 

distinguishable from the settlement maps. First, there is a small region within preferential 

settlement Site 2 on the Sharklet AF™ (+2.5SK2x2) surface that has a high density of spores. 

The density of spores in Site 2 is on average lower than in Site 1 (see Table 6-1), but the smaller 

area identified by the dark red color within Site 2 has a higher density than the peak of Site 1. In 

the spore settlement maps, all of Site 2 appeared to a similar spore density. Second, the smoothed 

histogram for the Sharklet AF™(+2.5SK2x2) shows that the spores prefer the intersection of the 

4 µm, 8 µm and 16 µm features (Site 2a) to the intersection of the 8 µm, 12 µm and 16 µm 
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features (Site 2b). The spore densities on the Sharklet AF™ surface are easier to compare 

between the various sites when using the smoothed histogram, with Site 3 having a lower density 

than Sites 1 and 2. 

 

 
 
Figure 6-11. Smoothed histograms of Ulva spore settlement maps on Gradient surfaces. 

Intensities are not comparable among surfaces. 

The Recessed Sharklet AF™ (-2.0SK2x2) smoothed histogram shows two preferential 

settlement sites, similar to what was apparent from the spore settlement maps. However, the 

preferential sites are easier to distinguish from the rest of the pattern on the smoothed histogram 

than on the settlement map. The spore density at the two preferential sites is similar, with lower 

spore density along the other recessed regions. The two preferential settlement sites stand out 

more clearly on the smoothed histogram than on the Ulva spore settlement map. The flat regions 

that are not recessed show low spore density, which was also easily observed on the spore 

settlement maps. 
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Figure 6-12. Smoothed histograms of Ulva spore settlement maps on Sharklet AF™ 

(+2.5SK2x2) and Recessed Sharklet AF™ (-2.0SK2x2) surfaces. Intensities are not 
comparable among surfaces. 

The spore settlement maps and smoothed histograms do not describe the overall settlement 

numbers. Groups of spores were omitted from the analysis, and images were taken from different 

settlement assays. The Ulva spores settle in lower numbers on the Sharklet AF™ (+2.5SK2x2) 

surface than on the Gradient surfaces, though this information is not directly available from the 

settlement maps and histograms. 

Preferential settlement Site 1 on the Sharklet AF™ (+2.5SK2x2) surface was not 

previously observationally identified as having higher settlement than the other depressed 

regions. This site was not statistically significant due to the small size, and should be re-

evaluated using a larger number of settled spores. The relative preference among intersections of 

multiple features has not been previously observed. Analysis of the Ulva settlement maps and the 

smoothed histograms reveal differences among the intersections. The intersection labeled 2a on 

the Sharklet AF™ surface has a higher density of spores than the other intersections (2b and the 

two identical intersections in Site 3). Differences among the densities were not compared 
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statistically, and further work with a larger number of settled spores would be able to confirm or 

dispute the differences among intersections. 

The spore maps and histograms allow for the identification of preferential settlement sites. 

These sites can be used to help identify characteristics that the Ulva spores are detecting by 

comparing the characteristics at these sites to the characteristics at other locations. The mapping 

technique has the potential to be used with any regular object on translationally symmetric 

patterns. Other fouling organisms, such as bacteria or diatoms, could be mapped on these 

surfaces to examine preference of these organisms. This technique could be used in applications 

where certain cells are desired on a surface. Scaffolds for tissue engineering, in which a specific 

cell type and morphology may be desired, could be aided by mapping positions of critical cell 

structure characteristics on patterns. The settlement mapping technique is not limited to 

topographical patterns; settlement preference on chemical patterns could be analyzed so long as 

the pattern can be distinguished in the images. 

Conclusions 

The process of mapping the locations of settled organisms (in this case Ulva linza spores) 

can aid in designing new surfaces and in investigating the role of topography in cell response. 

The settlement maps confirmed previous observational conclusions that Ulva spores settled 

preferentially at the intersection of several features on the Gradient and Sharklet AF™ surfaces. 

A new potential preferential settlement site was identified on the Sharklet AF™ surface, though 

further investigation needs to be performed to confirm the significance of this site. The 

intersections of multiple features on the Sharklet AF™ surface may not all have the same Ulva 

settlement density. Differences among the intersections were observed in the smoothed 

histograms, but statistical significance was not determined. The identification of preferential 

settlement sites by mapping the settlement has the potential to drive the design of new surfaces 
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that reduce or eliminate locations that are attractive to spores or other fouling organisms. Various 

other cells, including those desired in tissue engineering, and non-living particles can be 

investigated using this technique. Investigation into the properties of preferential settlement sites 

can aid in identifying localized cell-surface response and local particle-surface response to 

chemical, topographical, or other surface patterns. 
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CHAPTER 7 
CONCLUSIONS AND FUTURE WORK 

Conclusions 

Non-toxic surfaces that resist fouling by various organisms are desired in many fields and 

industries including medicine, water treatment, and shipping. The use of engineered topographies 

has shown great promise for directing cell behavior and controlling fouling. Several models and 

analysis methods have been developed for the behavior of certain marine foulers. Engineered 

topographical surfaces were designed to evaluate and refine these models. 

The anisotropy in the static and dynamic contact angles on engineered topographical 

surfaces was examined. By breaking channels into smaller lengths, such as the features found in 

some anti-fouling surfaces, the anisotropy is greatly reduced. The anisotropy is not completely 

eliminated, and should be considered when performing contact angle analysis on surfaces with 

directional dependence. The receding contact angle was found to control the angle of tilt required 

to cause a liquid drop to slip off of the surfaces tested. Topography effectively alters the static 

and dynamic contact angles, and has the potential to create directionally dependent contact 

angles to be used in wall-less microfluidic devices. 

A biosettlement model that shows predictive capability for Ulva linza spore settlement on 

engineered topographies was refined from previous work. The solid area fraction of the surface 

and the number of distinct features were shown to be important factors in the settlement of Ulva 

spores. The biosettlement model was shown to predict the Ulva settlement of three previously-

untested engineered topographies. The surfaces incorporated into the biosettlement model all had 

spacing between features of 2 µm and were composed of poly(dimethyl siloxane) elastomer.  

This predictive model may be useful for other organisms, and will be useful in designing new 

antifouling surfaces. 
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The response of a species of diatoms to engineered topographies was investigated. 

Attachment of diatoms was reduced on surfaces of the same size scale that is effective for 

reducing Ulva settlement. The diatoms, which are not motile when approaching a surface, did 

not follow the biosettlement model. The Sharklet AF™ surface, which was previously shown to 

reduce Ulva linza settlement by approximately 75%, was shown to reduce the attachment of 

Navicula perminuta diatoms by approximately 35%. 

A technique to map the positions of Ulva spores and other cells on translationally 

symmetric topographies such as the Sharklet AF™ was developed. The technique was used to 

identify new preferential settlement sites and confirm previously observed preferential sites. 

Smoothed histograms were used to show areas of higher spore density within preferential 

settlement sites. Spores tended to settle within recessed or depressed regions, specifically within 

intersections of multiple features. An additional preferential settlement site on the Sharklet AF™ 

was identified at the center of the region between the 16 µm and 12 µm long features. The 

Recessed Sharklet AF™ surface showed two preferential settlement sites within the recessed 

features. The mapping technique is an analysis method that may aid in the design of new 

antifouling surfaces and the prediction of antifouling performance. 

The work performed pushes the boundaries of the scientific knowledge in biofouling and 

in surface characterization using contact angle goniometry. Effective non-toxic antifouling 

coatings are greatly needed, and this work aids in the progress toward these coatings. The models 

and techniques developed for biofouling may be useful for developing antifouling coatings in 

other fields and controlling desired cellular response for medical devices. Additional work can be 

used to further investigate the models and techniques and add to the knowledge of cellular 

response to engineered topographies. 
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Future Work 

Feature Dimensions 

The biosettlement model for Ulva linza spore settlement is based on surfaces with 2 µm 

feature widths and spacing of 2 µm. Channels at least 5 µm wide have been shown to increase 

spore settlement, and surfaces with 2 µm spacing reduce settlement. Surfaces based on 

dimensions between 2 µm and 5 µm, and surfaces based on dimensions less than 2 µm have not 

been extensively evaluated. There are several approaches to investigating feature dimensions 

within the gaps in knowledge for fouling response. This work would allow for the inclusion of 

the dimensional scale of the topography into the biosettlement model. 

The first method to investigate additional feature dimensions is through the production of 

new photomasks. Photomasks with patterns of different dimensions and process silicon wafers as 

performed in many of the studies described. The Sharklet AF™ could be produced in different 

dimensions such as 3 µm (SK3x3), 4 µm (SK4x4), and 5 µm (SK5x5). Photolithography may be 

able to produce a surface focused on 1 µm (SK1x1), though experience has shown that as the 

dimensions of the pattern decrease, errors in the process become more pronounced. The SK5x5 

surface would be expected to increase the settlement of Ulva spores versus a smooth surface, 

since the spores would be able to penetrate the recessed regions similar to 5 µm wide channels. 

 A second method to investigate additional feature dimensions is through the 

overexposure of photoresist during the photolithography process. As the photoresist is 

overexposed, the photoresist degrades in the areas outside of the designed exposure area. The 

result of the overexposure is cast surfaces with features that are wider and spacing between the 

features that is smaller than designed on the photomask. Several Sharklet AF™ surfaces were 

created in this way with feature spacing varying from 1.1 µm to 2.0 µm (Figure 7-1). 
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Figure 7-1. Sharklet AF™ surfaces overexposed to shrink spacing between features. 

A third method to change the dimension scale is to use other lithography processes. 

Electron-beam lithography is a method which can perform lithography to a very small length 

scale. Molds for Sharklet AF™ surfaces have been made on very small areas (100 µm x 100 µm) 

down to feature widths of 200 nm. After performing ebeam lithography, patterned photoresist is 

well defined down to 200 nm feature width (Figure 7-2). 

 
 
Figure 7-2. Sharklet AF™ patterned ebeam resist using ebeam lithography. Feature width and 

spacing are A) 200 nm, B) 500 nm, and C) 1 µm. D) is magnified view of surface 
with 200 nm feature width. 

Even after etching with deep reactive ion etching, the silicon wafer with 200 nm feature 

width shows good fidelity in local areas (Figure 7-3). In some areas, the pattern was not 

transferred during etching. The lack of pattern transfer could have been due to overexposure of 

the ebeam resist or too thin a layer of ebeam resist. Either of these cases would not sufficiently 

protect the silicon from etching. More likely, the lack of pattern transfer was due to 
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underexposure of the ebeam resist or too thick a layer of ebeam resist. If the resist was not fully 

developed the full depth to the silicon wafer, even a thin layer would shield the silicon wafer 

from being etched in areas in which etching was desired. These new designs, if produced over 

larger areas, would add to the available dimensions of the Sharklet AF™ for probing cell 

response to topographies.  

 
 
Figure 7-3. Etched silicon wafer molds for Sharklet AF™ surfaces with 200 nm feature width 

and spacing. Waviness occurred during image capture. 

New Sharklet AF™ Designs 

Several new Sharklet AF™ designs could be created to evaluate the order of the pattern 

and whether eliminating preferential sites will reduce settlement. A random Sharklet AF™ 

surface, in which the features of the Sharklet AF™ are rearranged in pseudo-random manner 

(Figure 7-4A) would be useful for testing the arrangement of the Sharklet AF™. This surface 

would have all of the same calculated biosettlement model characteristics (n, r, φs) and same 

designed dimensions (height, width, and spacing) as the Sharklet AF™. The arrangement of the 

features would be different between the Sharklet AF™ and Random Sharklet AF™ surfaces. 

Cell locations could not be mapped on the Random Sharklet AF™ in the same manner as on 

translationally symmetric designs (e.g. Sharklet AF™. However, analysis of cell locations 

relative to the local features would provide comparison among a larger number of types of 

intersections between features. 
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Other surfaces could be created which reduce or eliminate the observed preferential 

settlement sites. Surfaces such as those in Figure 7-4B and 7-4C attempt to prevent spores from 

settling at intersections between features. These arrangements would be expected to reduce 

settlement by preventing preferential settlement sites. 

 
 
Figure 7-4. New Sharklet AF™ surfaces. A) Random Sharklet AF™, B) Sharklet AF™ with 

pillars between rows, and C) Sharklet AF™ with pillars in intersections. 

New Sharklet AF™ designs with larger numbers of distinct features (e.g. 6, 7, etc) would 

extend the ability to probe the biosettlement model. New combinations of features with the same 

number of distinct features—such as a series of 3, 6, 9, 12, 15 µm long features—would 

complement the current designs. 

Settlement Mapping 

Additional surfaces and additional cells could be mapped with the mapping technique. In 

addition to the approach outlined above, in which preferential locations are removed from 

current surface designs, an approach to design new surfaces based on local structures could be 

implemented. This approach would require extensive testing to identify settlement preference 

among various types of local conditions. A library of settlement preference for localized 

topography could be created, and surfaces could be designed by compiling low-preference 

“building blocks”. 
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The mapping process currently maps only the first cell to settle in a location by eliminating 

any groups of cells. However, Ulva linza spores tend to settle where other spores have already 

established. Mapping studies could be performed in which a single field of view is observed in a 

time-lapse study. This method would allow not only the first spores to settle to be mapped, but 

also to compare if there are settlement sites that tend to attract a second spore, third spore, etc. 

Summary 

This future work would further develop the biosettlement model, examine the effectiveness 

of the mapping technique for developing new surfaces, and improve the scope of biofouling 

knowledge. This proposed work would progress the field toward developing effective long-term 

non-toxic coatings that prevent fouling. The knowledge gained from this future work may be a 

crucial step in the next generation of effective antifouling coatings. 
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