
   

ABSTRACT 

 

ERRAMILLI, SHREYA ISHA. Influence of Surface Topography on Interactions between 

Substrate and Settling Species and Stimuli-responsive Surface Topography from Elastomer-

Hydrogel Bilayer Composite. (Under the direction of Professor Jan Genzer).   

 

Surface topographies occur commonly in nature. They endow properties to organisms such as 

superhydrophobicity, reversible adhesion properties, low drag, among others. These properties 

stem from the chemical composition of the surface and the surface microstructure. Researchers 

have attempted to replicate these properties by creating artificial surfaces with corrugations that 

endow properties such as sharkskin inspired low drag surfaces, or surfaces that deter non-specific 

biofouling using superhydrophobicity. Due to the complexity of biological organisms and the 

surface topography required to repel them, a systematic study needs to be undertaken.  

In this work, we first review the current state of the art. This review delves into the aspects 

of surface topography like feature size, feature geometry and surface modulus, and how each of 

them affects the interactions on the surfaces. We observe in many examples that changing feature 

size affects the contact area between the surface and the settling species. The interplay between 

the feature size on the surface, and the size of the settling organism can affect settlement on the 

surface. Geometric properties of surface features can impart anisotropy or directional properties. 

Adding geometric complexity to the features can also increase or decrease contact area between 

settling organisms and the surface. Introducing a pattern on the surface can induce changes in the 

local surface modulus and affects the adhesion of settling species on the substrate.  

To understand the interactions between the surface features and settling species, we 

construct a model system comprising sinusoidal poly(dimethylsiloxane) (PDMS) surface 

topography and silica (SiOx) particles and observe the settlement pattern by changing the 

interactions between the particles and the surface. We vary the geometry of the features by varying 

the amplitude and periodicity of the sinusoids. We alter the chemical composition of the surface 

as well as the local surface modulus. We deposit particles of different radii on the surface and 

observe the settlement pattern under the above conditions. The results show that upon increasing 

the aspect ratio of the sinusoids (i.e., amplitude/wavelength), particle settlement deviates from the 

center of the channel to the sides of the sinusoids. This effect is amplified by adding functional 

groups that increase the adhesion between the substrate and the particle. We further enhance the 



   

surface modulus of the substrate by coating it with liquid glass. This increase in surface modulus 

encourages the settlement in the base of the sinusoidal channels by reducing surface-particle 

interactions. The spatial distribution of the particles is governed by the geometry of the substrate 

features, the chemical composition of the surface, and the modulus of the surface.   

We use a simple system comprising circular and elliptical microwells to sort and segregate 

particles by size driven by the wettability of de-ionized water (DIW) and isopropyl alcohol (IPA) 

on the surface. Circular PDMS microwells of varying radii are fabricated and deposited with SiOx 

particles of three different radii using both DIW and IPA as a medium. Also, n-octyltrichlorosilane 

(OTS) is used to render the PDMS surface more hydrophobic. When we employ DIW as the 

medium, particles settle at the periphery of the well.  The smallest particles are furthest away from 

the center of the well.  Deposition using IPA results in the dispersion of particles that appears to 

be independent of particle or well size. Elliptical wells allow us to observe particle settlement with 

varying curvature. Particle position appears to be independent of the solvent, and the surface 

modification applied.  

Finally, we present two platforms to fabricate an elastomer-hydrogel bilayer composite 

structure where the swelling of the hydrogel is used to tune to dimensions of the surface topography 

patterned into the elastomeric substrate. First, we fabricate the sinusoidal structures described 

above and treat it with benzophenone (BP) silane, which acts as a covalent linker molecule between 

the dissimilar hydrogel and elastomer layers. The system is cured by exposure to ultra-violet (UV) 

light. We also present a bilayer comprising a thermally activated hydrogel atop an elastomer base. 

We can use the swelling behavior of the hydrogel to change the diameter of pores patterned in the 

elastomer surface. The result is a robust bilayer structure where feature dimensions patterned into 

the substrate can be tuned by swelling the hydrogel and drying the composite and collapsing the 

hydrogel.  
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Chapter 1: Introduction 
 

Surface topography is found widely in nature, where it endows different properties such as 

superhydrophobicity, reversible adhesion, structural color, anti-bacterial properties, and many 

others. These naturally occurring characteristics are a result of the combination of the 

topographical features found on the surface and the surface chemistry. Researchers have attempted 

to understand the interplay between the surface topography and the macroscopic performance 

characteristics observed to create artificial surfaces that mimic these performances. Artificially 

patterned surfaces can find many applications in meeting challenges today, including mitigating 

biological fouling on ship hulls and biomedical implants, or reversible adhesives based on gecko 

feet. However, to create genuinely functional surfaces with surface topography, a more systematic 

study needs to be done. In this dissertation, we will first discuss the current state of the art in the 

field of studying surface topography and creating artificial functional surfaces by introducing a 

surface pattern and the effect of different attributes of surface topography on the interaction 

between the surface and any settling species. In the next two chapters, we use model geometries 

of surface patterns and spherical particles to quantify the effect of feature geometry and surface 

chemistry on the settlement of particles on the surface. Following that, we discuss a way to create 

a stimuli-responsive surface topography were the features can be changed by taking advantage of 

the swelling properties of the material. We conclude by identifying some future directions that can 

be taken to further this field of study. 

In Chapter 2, we review the research that has been conducted thus far in understanding 

naturally occurring surface topography and fabricating artificial surfaces with desired 

functionalities. We consider three different aspects of the surface topography separately, namely, 

feature size, feature geometry, and surface modulus. We discuss many examples where feature 

size governs the wettability of the surface by transitioning between two different wetting regimes. 

This phenomenon has implications for the antifouling behavior of the surface and its resistance to 

the settlement of various organisms. Changing feature size relative to the size of the settling species 

affects the contact area between the substrate and settling species. Hierarchical topographies where 

features are on multiple size scales are also studied as they are pertinent to combating biofouling 

from species over a wide size range. Feature geometry imparts anisotropic properties to a substrate 

(e.g., in rice leaves exhibiting directional wettability). Geometric complexity can result in 
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increasing the contact area between the surface and settling species. The addition of surface 

features can result in a change in the local surface stiffness. Compliance of the topographical 

features has been used to mimic adhesion properties exhibit by the feet of organisms such as insects 

or geckos. The performance mentioned earlier exhibited by surfaces is the result of a complex 

interplay between the feature size, geometry, and stiffness in addition to any surface chemistry 

present. To fully understand these phenomena, we construct surfaces with model geometries 

patterned upon them and deposit spherical particles. We observe the effect of changing feature 

size, surface chemistry, and modulus on the interactions between the surfaces and settling particles.  

In Chapter 3, we start with a model system comprising a poly(dimethylsiloxane) (PDMS) 

substrate that has been patterned with circular and elliptical wells. We deposit spherical silica 

(SiOx) particles of various sizes using two different solvents, de-ionized water (DIW) and 

isopropyl alcohol (IPA), inside circular wells of increasing size. Varying the solvent results in a 

distinct settlement pattern of the particles in the microwells. Particles deposited from DIW settle 

on the periphery of the wells, whereas particles delivered from IPA solutions adopt a more scatter 

position throughout the interior of the well. These experiments are repeated with an n-

octyltrichlorosilane (OTS)-functionalized PDMS surface and yield similar results. Elliptical wells 

with increasing the aspect ratio (AR) (i.e., the ratio of the major axis to the minor axis of the ellipse) 

are fabricated to observe the effect of changing the curvature of the well on particle settlement, 

and the deposition experiments are repeated. As AR increases, elliptical wells with particles 

deposited using DIW show that the smallest particles appear closest to the periphery of the well. 

The particle position moves closer to the center of the particle as the particle size increases. There 

is a scatter of particle position observed in the elliptical well. Deposition with IPA yields similar 

particle settlement behavior, with increased scatter in the interior of the well. These settlement 

patterns are observed again when the substrate is functionalized with OTS.  

In Chapter 4, we fabricate a model PDMS substrate comprising sinusoidal topographies, 

where the AR (i.e., the ratio of amplitude to periodicity) is increased, and spherical SiOx particles 

are deposited using DIW. Interactions between the substrate and particle are changed by varying 

the surface modulus, and chemically functionalizing the particle and the substrate. We see that 

particle settlement is a function of AR where particles are more likely to settle on the sides of the 

sinusoidal channels of higher AR structures. When surface modulus is increased, interactions 
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between the surface and particle decrease and the particle was more likely to settle at the bottom 

of the channel. The introduction of surface chemistries increases interactions between the surface 

of the substrate and particle and encourages settlement along the sides of the sinusoidal channel. 

Particle position was measured using a laser scanning confocal microscope, and the interactions 

were measured using colloidal probe microscopy.  

In Chapter 5, we use the framework of an elastomer-hydrogel bilayer composite to create 

a stimuli-responsive structure patterned with surface topography with tunable dimensions. We 

present two methods for accomplishing this. Hydrogels networks are prepared using both UV-

active and thermally active crosslinkers. First, a bilayer structure is fabricated where the elastomer 

component is PDMS patterned with the desired surface topography, and the hydrogel component 

is a UV-active copolymer of dimethylaminoethyl methylmethacrylate (DMAEMA) and 

methylacryloyloxy benzophenone (MABP). The PDMS component is patterned with the desired 

surface topography. Then, UV-active benzophenone silane (BP-Si) is used as an interfacial linker 

that is applied to the PDMS surface. Exposure to UV light crosslinks the hydrogel network and 

covalently links the hydrogel network to the PDMS layer. An additional method to construct an 

elastomer-hydrogel bilayer is presented where the hydrogel component is poly(vinylpyrrolidone) 

(PVP) and is crosslinked by a thermally active molecule 6-azidosulfonylhexyltriethoxysilane (6-

ASHTES). We demonstrate how thermally crosslinked hydrogel can enable us to create different 

geometries of elastomer-hydrogel composites, which are not limited by UV- light exposure. In 

each case, the swelling properties of the hydrogel can be used to tune the feature dimensions 

patterned on the PDMS layer in response to swelling or de-swelling with solvent. We conclude 

this work by identifying some avenues for research that will further our knowledge in the field.  

Understanding the impact of introducing topographical patterns to a surface on its 

macroscopic properties is pertinent to many applications such as biomedical devices, reversible 

adhesives, antifouling surfaces, and low-drag surfaces. However, a systematic study is warranted 

to understand the impact of the various attributes of surface topography on performances. This 

work aims to fill that gap and advance our knowledge of the field by opening up new avenues of 

study to further our understanding of patterned surfaces and develop new functional materials and 

devices.  
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2.1 Abstract 

 

Surface topographies of various sizes, shapes, and spatial organization abound in nature. They 

endow properties such as super-hydrophobicity, reversible adhesion, anti-fouling, self-cleaning, 

anti-glare, anti-bacterial, just to mention a few. Researchers have long attempted to replicate these 

structures to create artificial surfaces with the functionalities found in nature. In this review, we 

decompose the attributes of surface topographies into their constituents namely feature 

dimensions, geometry, and stiffness, and examine how they contribute (individually or 

collectively) to settlement and adhesion of natural organisms and synthetic particles on the surface. 

Size of features that comprise the topography affects contact area between particle and surface as 

well as its adhesion and contributes to observed adsorptive properties of the surface. Geometry of 

surface perturbations can also affect contact area and gives rise to anisotropic particle settlement. 

Surface topography also affects the local stiffness of the surface and governs adhesion strength on 

the surface. Overall, systematically studying attributes of surface topography and elucidating how 

each of them affects adhesion and settlement of particles will facilitate to design topographically 

corrugated surfaces with desired adsorption characteristics. 
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2.2 Introduction 

 

Surfaces play an important role in our daily lives. Paints, water-proof clothing, non-stick 

cookware, adhesives, and anti-glare lenses all rely on surfaces interacting with their environment 

to deliver desired properties. These attributes can be traced back to the chemical composition, 

topography, and mechanical properties of the surface. Topographical patterns can impart many 

unique properties onto a surface. Topography may be periodic and contain long-range order or, 

aperiodic with short range order. Functionalities imparted by a patterned surface include (but are 

not limited to) super-hydrophobicity1, anti-fouling properties,2 reversible adhesion,3 and 

wettability characteristics.4,5 Figure 2.1 summarizes attributes that make up the topographical 

patterns and govern the behavior of topographically-corrugated surfaces. Subsequent sections 

discuss aspects such as feature size, geometry, stiffness, and chemistry and their individual or/and 

collective influence on macroscopic properties mentioned previously. 

  

Figure 2.1.   Attributes of surface topography that give rise to macroscopic properties: A) 

directional wetting of a rice leaf and surface with anisotropic surface topography (Reproduced 

with permission from Taylor & Francis)6, B) topography affecting stiffness which affects cell 

adhesion (scale bar: 10 μm) (Reproduced with permission from the National Academy of 

Sciences),7 C) corrugated surface regulating barnacle settlement (Reproduced with permission 

from Taylor & Francis)8, and D) cell growth enabled by chemical modification of a textured 

surface (Reproduced with permission from the American Chemical Society). 9 
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Patterned surfaces exhibit properties such as increased surface area and anisotropy, and can 

be employed in many applications.10 For instance, alignment of nano-fibers can promote the 

growth of stem cells.11 Surface roughness can help bone implants heal faster.5 Smooth muscle cells 

grown on topographical substrates have shown evidence of accelerated aging.12 Topography can 

also be used in surface renewal where a wrinkled surface undergoes delamination under 

compression.13 Understanding how surface topography can interact with its environment and 

species coming into contact with it is important in filtration membranes14, biomedical devices15, 

and adhesive systems.16  

As an example of how an understanding of surface topography can be applied to an existing 

problem, we consider marine biofouling on surfaces of ships. Biofouling caused by barnacle 

attachment on ship hulls increases drag and results increased fuel consumption by as much 44%.17 

Barnacles attaching themselves to ship hulls over long distances also pose an environmental 

concern when they migrate into and disrupt non-native ecosystems.18 To combat this issue, hulls 

have long been coated with organometallic compounds, such as tributyltin, or biocides to inhibit 

adhesion of marine organisms by acting as a biocide. Unfortunately, the toxicity of these 

organometallic compounds and leaching of surface-anchored biocides into the ocean resulted in 

adverse consequences for marine life which led to its widespread ban.19 Alternate strategies to 

replace toxic coatings were used such as a myriad of antifouling and foul-release chemistries.20 

Increasingly, recent efforts have focused on creating non-toxic antifouling coatings by taking 

advantage of surface topographical features inspired by examples found in nature.21,22 

The use of nature-inspired surface topography to mitigate biofouling is still being 

scrutinized, because of the complexity due to the vast array of different shapes and sizes taken by 

fouling organisms.23 Fouling species vary in size from proteins on the nanometer scale, to bacteria 

on the micron scale, to barnacle cyprids which grow to over a centimeter in length, as shown in 

Figure 2.2. This diversity possesses a challenge to designing a topography-based antifouling 

surface because the features needed to prevent settlement depend upon the size of settling 

organisms. A surface with feature dimensions tailored to repel organisms of one size might 

encourage the settlement of organisms of another. Designing a surface that prevents settlement of 

organisms over a broad size range requires further scrutiny.24,25 
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Figure 2.2. Relative sizes of marine fouling organisms. (Reproduced with permission from 

Elsevier). 23 

Topographical features of substrates affect observable macroscopic properties in biological 

organisms, i.e., anti-reflectivity, structural colors, adhesion in insects and reptiles, and super-

hydrophobicity21,26 and other reviews have addressed these topics previously.27–31 In this work, we 

discuss in detail aspects of topography such as feature size, geometry, modulus, and how their 

interplay produces observable properties such as directional wettability, reversible adhesion and 

anti-bacterial properties. We also discuss synthetic particles settling on topographically corrugated 

substrates as well as fabrication and characterization techniques used for the creation of surface 

patterns. We conclude by a summary of the simulation work that has been performed to study the 

settlement behavior of particles on patterned surfaces. 

 

2.3 Inspiration from nature 

 

In the natural world, surface topography is responsible for many biological function, some of 

which have been mentioned previously.32 Organisms possess textured surfaces that interact with 

environmental stimuli such as light, predators, habitats, and contaminants. In addition, hierarchical 

topography is found in many plants and imbues characteristics such as super-hydrophobicity, self-

cleaning abilities, and reversible adhesion. For example, the hairs, or ‘setae’ on the foot of a gecko, 

shown in Figure 2.3a, allow geckos to climb vertical walls. Figure 2.3b shows a leaf with super-

hydrophobic properties, the result of a hierarchical topography combined with a waxy cuticle. The 

“structural” color due to light interaction with microstructure of the butterfly wing, is shown in 

Figure 2.3c. The wing of a butterfly scatters light to create colors without the use of pigments. 



9 
 

Figure 2.3d depicts texture of the eye of a moth that creates an anti-reflective surface by 

maximizing the amount of absorbed light. In Figure 2.3e, a water strider uses the super-

hydrophobicity of its feet to stroll on water. Finally, in Figure 2.3f, the scales that comprise shark 

skin result in a low-drag surface as a shark swims through the ocean.  

 

 

Figure 2.3. Natural examples of surface texture endowing functionality. A) The pads of gecko feet 

have hierarchical topography which enable reversible adhesion. (Reproduced with permission 

from Open access journal PLOS ONE).33 B) The waxy layer combined with nano- and micro-

structures imparting super-hydrophobicity and self-cleaning properties drag. (Reproduced with 

permission from MDPI).34 C) Blue color of butterflies is due to microstructure on the wing surface 

drag. (Reproduced with permission from Elsevier).21 D) Structures on surface of moth eyes leads 

to anti-reflective performance drag. (Reproduced with permission from Elsevier).21 E) ‘Hairs’ on 

the base of water striders yields super-hydrophobicity drag. (Reproduced with permission from 

Elsevier).21 F) Scales on the surface of shark skin reduce drag. (Reproduced with permission from 

IOP Publishing). 35 

Surface topographies can by characterized by several attributes, including, feature size, 

feature shape, stiffness, and chemical composition. The range of properties possible due to these 

topographies is a result of how these attributes act together. Researchers have long taken 

inspiration from these naturally occurring surface topographies to fabricate artificial substrates that 
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mimics the properties discussed above.34,36 However, a systematic study investigating the impact 

of topography on surface properties is yet to be done. In this work, we catalogue naturally 

occurring topographies that are the result in different observed properties. In addition, we will 

attempt to relate attributes of the artificial topographies such as feature size and geometry, and the 

surface modulus to the interactions between the surface and species settling on the surface. 

 

2.4 Feature dimensions 

 

Feature refers to the typical building block which is repeated across the surface to create the 

periodic surface pattern. When topography is introduced onto a surface, its wettability changes.37–

40 Addition of topography changes the contact area between the water droplet and the surface by 

introducing air pockets. Size of features results in two wetting regimes. In the ‘Wenzel’ regime, as 

the surface roughness increases, the interface between the surface and water droplet increases, 

leading to an increase (decrease) in the observed water contact angle for hydrophobic (hydrophilic) 

surfaces. If surface features become smaller and closer packed, the system transitions into the 

‘Cassie’ regime where the contact between the surface and water droplet is reduced and the droplet 

is only in contact with the top portions of the surface features.41 Thus, changing feature size can 

induce changes in wettability by affecting the contact area between the surface and the droplet. 

Badge et al42 show that a surface pattern comprising hexagonally close-packed spherical colloidal 

particles can change the surface wettability. Changing feature size can affect liquid flow between 

the features. Halder et al43 demonstrate computationally and experimentally that a surface 

patterned with microwells results in reduced flow velocity by disrupting the boundary layer flow 

near the surface and increased residence time compared to a flat surface.  

Naturally occurring surface topography can impart super-hydrophobic attributes to a 

surface.44 For example, lotus leaves have been studied extensively due to their well-known super-

hydrophobic and self-cleaning nature.45–47 Due to the presence of a waxy coating and a hierarchical 

topography, the surface of these leaves repel water as well as any settling organisms or 

contaminants.46 Experiments using scanning electron microscopy (SEM) confirm that there are 

multiple different size scales of these features present concurrently on the surface of the leaf.48 The 

surface exhibits protrusions on the tens of microns scale which are covered by tiny nanometer 

scale hairs.1 If a drop of water comes in contact with the surface, the air trapped under the drop 

due to the surface topography decreases the area of contact between the drop and the leaf surface.49 
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In addition to hydrophobicity displayed by lotus leaves, other types of surface behaviors are 

observed such as super-hydrophilicity found in aquatic animals44. Geckos are able to generate dry 

adhesion due to the hierarchical setae on the pads of their feet. Numerous reviews have been 

dedicated to understanding patterning of topography on to structures like surfaces, fibers and other 

complex materials to create surfaces with special wettability and adhesion.50–52 

Surfaces patterned with microtopography can be used to control bio-adhesion to the 

surface.53 Carman et al54 measure contact angle of substrates comprising pillars, pits, channels, 

ridges as well as Sharklet AFTM. Wetting behavior agrees with predictions of Cassie-Baxter and 

Wenzel models. The authors posit that studying the impact of surface topography on the wetting 

transition and contact with the textured surface can be useful in understanding bio-adhesion and 

settlement of marine organisms.54 

Nguyen et al investigated the role of length scale of topography on fouling by bacterial 

cells. Gold-coated polystyrene surfaces had topographies on the nano- as well as on the micro- 

scale. Results showed that micro-scale topographies were the most effective at reducing settlement 

due to trapped air at the surface.55 As displayed in Figure 2.4, because contaminants are also in 

minimal contact with the surface, they are collected and washed away with the water droplet. In 

contrast, a flat surface does not typically exhibit the same self-cleaning quality because of increase 

adhesion between the contaminant and the substrate. Another example of naturally occurring 

wettability comes from a lubricating hydrophilic surface layer, and micro-structured rim of the 

carnivorous pitcher plant. These structures combined with a surface chemistry create a slippery 

layer for insects which then become the prey of the plant.56 Nature-inspired topographies have 

been used to endow surfaces with several other wettability behaviors.57 



12 
 

 

 

Figure 2.4.  a) Water droplet rolling on a lotus leaf (reproduced with permission from Zoltan G. 

Levay). b) Drop of water rolling off a dirty tissue with the lotus effect. As the drops fall, the dirt 

is washed off (reproduced with permission from ITV Denkendorf, Germany). c) and d) Schematic 

depicting the motion of a liquid droplet on an inclined substratum covered with ‘‘dirt’’. When 

moving on a flat substratum, where the adhesion between the ‘‘dirt’’ particles and the substratum 

is high, the droplet passes through. A different situation occurs on a substratum that is 

topographically decorated, where the ‘‘dirt’’ particles indicated by the colorful symbols have 

difficulty adhering to it. As the liquid droplet rolls off the substratum it picks up the ‘‘dirt’’ 

particles and hence cleans the substratum. (Reproduced with permission from Taylor & Francis).58 

The shell of Cancer paragus or the edible crab possesses topography featuring multiple 

length scales. There are large circular elevations (~200 µm in diameter) upon which there exist 

smaller hair-like structures (~2 µm in length). A replica mimicking this combination of structures 

demonstrated inhibited attachment of organisms such as barnacle larvae for up to 3 weeks in a 

field immersion study.59 The above examples of the lotus and crab show that antifouling and self-

cleaning performance can be achieved by limiting contact with the surface due to features of 

multiple length scales.60 Researchers have attempted to create artificial substrates to limit contact 

area of the surface available to the settling species for adhesion to mimic these naturally occurring 

properties. The contact area between a settling species and the features of the substrate depends on 

the relative dimensions and shapes of both the surface and the adsorbing organism. Figure 2.5 

shows diatom species of two different sizes settling on two surfaces with features with similar 
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widths. The larger diatom (7 μm in width) settles on top of channels which are narrower than the 

diatom and the smaller diatom species (4 μm in width) settles in between channels when the 

channels have the same width as the size of the diatom. Thus, the contact area in the latter case is 

larger than in the former. Studies have concluded that organisms maximize surface contact when 

surface feature size is comparable to or slightly larger than the organisms.61 

 

Figure 2.5. Diatom of different widths attached to surface features of width 4 μm. A) Diatom 

width (7 μm) larger than feature width results in diatom settling above features. B) Diatom width 

(4 μm) same as feature width results in diatom settling in between features. Scale bar = 5μm. 

(Reproduced with permission from Taylor & Francis).62 

Figure 2.6 demonstrates this concept by representing spherical particles of different 

diameters settling upon a sinusoidal substrate allows for altering the number of points of contact 

between the settling particle and the substrate. Scardino et al62 report that increasing number of 

contact points with the surface led to higher diatom settlements.  

  

Figure 2.6. Contact area of synthetic particle as a function of particle diameter (D), and substrate 

feature amplitude (A) and wavelength (λ). A) Larger diameter particles are confined to the top of 

the surface features. B) Smaller particle diameter enables particle to penetrate the surface in 

between the features. 
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Contact area determined by feature size also affects adhesion to that surface63. A well-

studied case of this behavior is the gecko. Gecko feet are an example of highly adhesive material 

based on physical interactions such as van der Waals forces. This is in part due a hierarchical 

structure of hairs that cover them (called setae), which end with spatula shaped structures.64 The 

setae can be several tens of micrometers in length whereas the spatulas are less than a micrometer. 

Work by Keller et al suggests that these hair-like structures contribute to the adhesive quality of 

gecko feet due to van der Waals interactions between the surface and high surface area of the feet.65 

In fact, much like the hierarchical topography found on the lotus leaf, the surface structure found 

on gecko feet helps keep the surface clean by minimizing settlement by contaminants66. Arzt et al 

show that as the mass of an organism increases, surface area or number of hairs found on the feet 

of the organism also increases (cf. Figure 2.7).67 The resulting increase in total van der Waals 

forces results in effective adhesion for the increase in mass. Size of surface feature relative to size 

of settling species on the surface also plays a role in determining adhesive properties. Depending 

on dimensions and shapes of the surface protrusions, topography on a surface can either increase 

or decrease particle adhesion on the substrate.58 

 

Figure 2.7. As size of organism increases, size of hair-like structures at their feet decreases, thus 

increasing van der Waal’s interactions between the surface and organism. (Reproduced with 

permission from National Academy of Sciences).67 

 

Inspired by the self-cleaning properties of gecko feet, researchers have fabricated 

polypropylene fibrillar arrays grafted with polymer brushes.2 These fibrillar arrays can be modified 

with brushes consisting of a stimuli-responsive material such as poly(N-isopropyl acrylamide) 
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(PNIPAm) which results in temperature-dependent control of oil droplet spreading. In addition, 

arrays modified with poly(3-sulfopropylmethacrylate potassium salt) (PSPMA) brushes are found 

to perform well in preventing algae adhesion underwater.2 A surface consisting of silica 

nanoparticles were functionalized with sulfobetaine (SB) based silane.69 The researchers reported 

that increased size of unmodified particles reduced adsorption of proteins and bacterial settlement. 

When the particles were modified, surface hydrophilicity increased, and protein adsorption was 

reduced by more than 90%, and bacterial adsorption was also greatly reduced.69 Chen et al report 

the settlement behavior of microalgae using molded replicas of abrasive paper.70 Results showed 

that feature sizes larger than the microalgae settling upon showed increased settlement. The grit 

number of abrasive papers indicates size of abrasive particles on the surface with a lower number 

indicating larger abrasive particles. As shown in Figure 2.8, the 5000-grit replica where the feature 

size was smaller than algae size effectively inhibited settlement of three species of microalgae 

tested.70 The behavior is likely due to both the size of the surface features as well as their size 

dispersity.  Substrates with periodic topographies of the optimal size, and shape will perform better 

in minimizing adhesion than their “random surface topography” counterparts. 

  

 

Figure 2.8. Effect of decreasing feature size (indicated by increasing grit number) on settlement 

of microalgae. (Reproduced with permission from Royal Society of Chemistry).70 

 

Carl et al compared the effect of wettability and microtopography on settlement and 

adhesive strength of marine larvae.71 The researchers fabricated polymer substrates out of 

hydrophilic nylon, and hydrophobic poly(dimethyl siloxane) (PDMS) elastomer with pattern sizes 

ranging from 10 to 800 μm in increments of 20 μm. They concluded that surface topography 

determined the level of settlement of the larvae compared to wettability. In addition, 
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microtopography smaller in length than the ‘foot’ of the larvae exhibited the least amount of 

settlement, indicating that the substrate topography played an inhibiting role in larval settlement. 

Figure 2.9 shows the settlement of the pediveligers, or planktonic larvae of snails and mollusks, 

on surface topographies of varying sizes. The overall size of the organism ranged from 170 to 260 

μm and topographical features in the 100 to 250 μm range showed decreased settlement. Finally, 

flow studies indicated that settlement level correlates with adhesion to the surface.71 

 

Figure 2.9. Marine larvae measuring 170 to 260 μm in size settling on PDMS surface features of 

sizes varying from 10 to 800μm in 20μm increments. Interplay between size of features and size 

of larva affects position of larvae in the features. Scale bar = 500 μm. (Reproduced with permission 

from Taylor & Francis).71 

de Nys et al studied the effect of size of organism and size of features on settlement by 

using five separate organisms of different sizes, and substrate feature sizes ranging from 4 to 512 

μm. They reported that feature size of the substrate relative to the dimension of the organism 

governed settlement. Features smaller than the organism tended to limit available area for 

attachment.72 Also notable was the finding that removal of organisms from PDMS and 

polycarbonate (PC) surfaces was inversely correlated with settlement rate. Thus, substrates with 
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higher settlement rates exhibited lower removal rate, suggesting that interactions between the 

organism and the substrate control adhesion.8 

Settlement studies were conducted by Vucko et al73 on PDMS substrates of different widths 

and cross-sections. Images in Figure 2.10 demonstrate that for a range of micro-organisms, feature 

size close to or less than the size of the organism was found to reduce settlement the most. After a 

six-month trial period, all the substrates were colonized by marine organisms. The researchers 

concluded that high initial settlement correlated with the least efficient foul release characteristics.  

 

Figure 2.10. Using textured PDMS to prevent settlement of marine organisms. Scale bars: 1 μm 

(A-E), 5 μm (F), 50 μm (G-L), and 500 μm (M-R). (Reproduced with permission from Taylor & 

Francis).73  

Schumacher et al demonstrated the importance of size of organism in determining anti-

fouling performance of surface topography.74 Algal spores are ~5 μm in size and barnacle cyprids 

are 500 μm. The researchers reported on the use of two sets of Sharklet AFTM topography with 

three different feature heights, each tailored towards one organism. All substrates were fabricated 

from PDMS. The results showed that the feature dimensions need to minimize settlement were 

particular to each organism and on different size scales. Thus, a hierarchical topography might be 

better suited in order effectively prevent settlement of organisms of multiple sizes on substrates. 

The above examples indicate that using a topography on a single length and shape scale 

represents an effective means to reduce settlement of a single species of organism by minimizing 
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its contact area with the substrate. Thus, surfaces with such simple topography can be tailored to 

repel a specific organism. However, in marine environments, where organisms of many different 

sizes and shapes are encountered, one requires a surface with topography on multiple length scales 

to optimize the contact area between a wide range of organisms and the substrate. 

 

Figure 2.11. Characterization of the nested hierarchy of buckles. a) Scanning electron microscopy 

image of a buckle on PDMS substrate (covered with a ∼4-nm-thick layer of platinum) revealing 

the G4 generation of buckles. b) Optical microscopy image in the transmission mode of G3 and 

G4 generations of buckles. c) Topography profile collected with profilometry on G2 (inset) and 

G3 (main figure) generations of buckles. d) Scanning force microscopy image revealing the 

structure of G1 buckles. e) Buckle period as a function of the strain imposed on the samples before 

the UVO treatment lasting for 30 (squares), 60 (circles), and 90 (up-triangles) minutes as measured 

by scanning force microscopy (filled symbols) and profilometry (open symbols). The error bars 

represent one standard deviation of the data. (Reproduced with permission from Nature 

Research).75 



19 
 

Hierarchical structures possess features of different length scales which overlap with one 

another.76 As mentioned previously, size scale of topographical features on the substrate plays a 

critical role in the settlement of organisms. From the examples of lotus leaves and crab shells, one 

can surmise that, to repel a wide range of organisms, multiple size scales on the surface might be 

necessary and act in parallel. Artificially created hierarchical structures such as these might 

constitute one way to produce surfaces that possess anti-fouling properties.76 Figure 2.11 shows 

an artificially created hierarchical surface with nested wrinkle patterns. In this example, a 

wrinkling pattern in PDMS is created where features can be observed over multiple length scales 

as smaller features lie within larger ones.75 This structure can be formed by exposing uniaxially 

stretched PDMS sheets to ultra-violet ozone (UVO) treatment. When the strain is released, there 

is a mismatch in the compressive forces between the bulk of the material and the UVO crosslinked 

rigid surface layer resulting in the formation of hierarchical buckles. Li et al also describe a process 

to make hierarchical wrinkles on a polymer substrate. These surfaces exhibit a higher contact angle 

when compared to surfaces with random wrinkles.77 Air entrapment and subsequently, settlement 

of microorganisms also depends upon the balance of micro- and nano-scale structures in a 

hierarchical topography.78 Several other methods of forming topographically corrugated substrates 

with size hierarchy have been reported.79,80 

Surface topography can provide cues for the organisms and direct them as they settle as 

demonstrated by Whalan et al.81 Environmental cues from a surface pattern can also change cell 

adhesion to the surface.82 Surface topography has been shown to regulate the development of 

biofilm.83 Ling et al immersed substrates with micron scale features in a marine environment. 

Using confocal microscopy, the researchers shown that biofilm formation and attachment was 

reduced when the spacing between features was reduced. Moreover, species of the marine 

organisms present was also affected by the presence of the topography.83 Interactions between 

bacteria and a patterned surface have been studied extensively.84 The Ducker group has examined 

the behavior of bacterial cells on colloidal spherical particles.85 Using Atomic Force Microscopy 

(AFM) to evaluate the surface forces,86 the researchers characterized the impact of changing 

surface topography on biofilm formation.87 They reported that surface topography consisting of 

closely packed spherical particles can delay the formation of bacterial clusters88 as well as reduce 

the overall film formation.89 
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Figure 2.12. Cluster and alignment of E.coli on PDMS ridges. Scale bar = 10 μm. (Reproduced 

with permission from Nature Research).90 

 

Microscale topographies can induce a migration or adhesion response on a cellular level 

by affecting the cell-substrate interface.91 For example, surface topography was employed to create 

anti-bacterial surfaces. Researchers have studied the role of surface topography on settlement and 

growth of organisms like Escheridia coli (E. coli) on textured surfaces.90 Gu et al examined the 

effect of linear grooves of 5, 10 and 20 μm widths and spacings on biofilm formation, and 

orientation of bacterial cells. As shown in Figure 2.12 narrowing the spacing between the features 

could induce the cells to orient themselves perpendicular to the features. The narrowest feature 

width of 5 μm also worked to reduce the settlement of bacteria.90 Additionally, Hou et al observed 

that when surface patterns consist of plateaus and valleys, bacteria preferentially settle in the 

valleys between the plateaus. However, extensive biofilm formation was observed when the 

plateau area increased.92 Studies on settlement of E. coli and Staphylococcus aureus (S. aureus) 

on substrates featuring various nano-scaled structures correlated surface wettability with 
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settlement and found that the surface that exhibited the lowest contact angle also inhibited 

settlement of bacteria most effectively.93 Wrinkled surfaces were also used to deter settlement of 

bacterial cells when topographical features corresponding to the cells’ dimensions were found to 

minimize settlement of bacteria94. 
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Figure 2.13. Effect of size and feature geometry on settlement of algal zoospores. Compared with 

flat and patterned substrates in panels A-H, Sharklet AF™ pattern in panels I and J are most 

effective at reducing fouling. (Reproduced with permission from Taylor & Francis).95 

Schumacher et al 95 described the use of a parameter called engineering roughness index 

(ERI) to quantify the settlement of biological species as a function of topography of a surface 
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consisting of pillars, ridges, triangles and Sharklet AFTM. Figure 2.13 demonstrates that the 

surfaces with high ERI showed greatest reduction in settlement of algae spores when compared to 

a flat surface. Sharklet AFTM was shown to perform the best compared to ridges and pillars on the 

surface.95 In the cases above, we have seen that size of features that comprise its topography 

relative to the size of settling organisms directly affects the settlement of the organisms on the 

surface. 

 

2.5 Geometry 

 

Geometry refers to shape of surface features or any features that might impart direction-dependent, 

or anisotropic properties to the surface. Geometric complexity inherent in surface topography can 

enhance or deter the contact points between the settling substrate and the surface. Feature height 

and aspect ratio (i.e., the ratio of feature height to width) play an important role in regulating the 

contact area on the surface to which the settling species can anchor. Figure 2.14 depicts a 

microorganism settling on a series of substrates with decreasing aspect ratio. As the feature height 

decreases, there is a concomitant increase in the amount of surface contact between the 

microorganism and the substrate.  

 

Figure 2.14. Effect of three different feature heights on contact with the substrate is shown. A) 

tallest features minimize contact with the surface. B) As feature height gets smaller, particle 

approaches the surface. C) When feature height is smallest, particle is in contact with both sides 

and base of the channel and maximizes contact with the surface. (Reproduced with permission 

from the American Institute of Physics).61 

Artificial surfaces with changing geometry have been developed to alter the contact area 

of the settling species with the surface. A surface, which provides more attachment points such as 

‘kinks’ in the features, would lead to preferential settlement of particles. Xiao et al report that 

creation of a honeycomb shaped surface with increasing size and spacing leads to particles settling 

along the ‘kink sites’ as well as showing a preference for feature sizes comparable to and slightly 
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larger than themselves. Figure 2.15 illustrates the difference in particle attachment between a kink 

and non-kink site.96 This study reports that the algal spores tested settled preferentially in the kink 

sites as they provided more surface attachment points. In addition, the settlement density is found 

to be the highest when the size of structures is comparable to the size of the spores.  

 

Figure 2.15.  Effect of kinks on attachment points. Introducing kinks in surface features can 

increase area of contact between particles and the surface. (Reproduced with permission from the 

American Chemical Society).96 

 

Vadillo-Rodriguez et al 97 studied the bacterial response to  nano-scale topographic patterns 

and concluded that regardless of species of bacteria, cell growth occurred in a way to maximize 

contact with the surface. Maximum growth occurred when the topographical features were square 

or convex recesses, compared to concave protrusions. The researchers predicted initial locations 

of cells as they adhered to the substrate and designed surface patterns to reduce bacterial growth.  

A topographic pattern can affect the settlement preferences of algal spores. As shown in 

Figure 2.16, Long et al report that when a series of patterns consisting of a gradient of feature 

sizes is exposed to algal spores, the spores were found to settle at the intersections of the features. 

This is especially true of substrates with adjacent features of dissimilar sizes.98 
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Figure 2.16. Spore settlement on surfaces with dissimilar features. Alignment of features in an 

array (A and F) results in spore settlement concentrated at the intersection of the channels. 

Introduction of misalignment in features (B-E) causes spore attachment to be dispersed in the 

channels between the features. (Reproduced with permission from Taylor & Francis).98 

Figure 2.17 shows the interactions between several species of diatoms and surface patterns 

of different shapes, widths, heights, and spacings.99 The study reported that while the geometry of 

the surface did affect the initial settlement of diatoms in a laboratory setting, the surface 

topography did not deter settlement in the long term. Species of different shapes and sizes adapted 

their adhesion strategy to the surface based upon their own shape and size, and the dimensions of 

the features they encountered.99  

 

Figure 2.17. Attachment of four species of diatoms of varying shapes on surfaces patterned with 

different topography. A) stalked B) centric C) motile D) chain forming species of diatoms and the 

corresponding adhesion strategy. (Reproduced with permission from Springer).99 

Xiao et al examined the response of diatoms as well as algal spores towards surface 

topography with two different geometries, i.e., cone-shaped microstructures, and hexagonal 

honeycomb microstructures.100 The authors concluded that while diatom settlement was 

determined primarily by the number of attachment points available on the surface, settlement of 
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algal spores was influenced by Wenzel roughness, i.e., the ratio of actual surface area to the 

apparently or geometric surface area of the surface. 

  Geometrical properties of the topographical features such as shape and directionality can 

also result in anisotropic, or direction-dependent surface characteristics. Organisms such as shark 

skin, rice leaves, or butterflies’ wings take advantage of asymmetric surface topography to confer 

upon them direction-dependent properties such as low drag or directional wettability.101 Here, we 

consider how natural and artificial surface geometry contributes to anisotropic properties.102 

Natural examples have provided inspiration for artificial substrates where surface geometry is used 

to modify surface contact with organisms and endow direction dependent properties to surfaces.103 

Shark skin is widely studied for its low-drag properties. Shark skin consists of scales called 

dermal denticles. The surface topography is hierarchical because the denticles are topped with 

riblets aligned in the direction of flow.104 These features not only protect against settlement of 

organisms on the surface, but also reduce formation of eddies and vortices at the surface105.  

 

Figure 2.18. Anisotropic wettability of butterfly wing. Center and right: directional microstructure 

on butterfly wing. Left: microstructure enables flow of water droplet in the radial outward 

direction. (Reproduced with permission from the Royal Society of Chemistry).10 

 

Rice leaves and butterfly wings exhibit a combination of super-hydrophobicity inherent in 

lotus leaves combined with the directional flow properties of shark skin.106 The presence of 
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hierarchical structures and grooves as shown in Figure 2.18 contributes to the anisotropic 

wettability of the surfaces. This allows water droplets to flow outwards on the leaves and butterflies 

to fly in the rain.107 Rice leaves possess hierarchical structures on their surface measuring up to 

200 µm wide and up to 45 µm tall.108 Studies on artificial surfaces found that the grooves on the 

surface were the determining factor in anisotropic wettability. This property can also be tuned such 

that the droplet is able to transition between pinned and sliding states.109 

Yong et al reported on fabricating a laser-patterned surface with direction dependent 

wettability. A femtosecond laser generated grooves in a PDMS substrate. By adjusting the spacing 

between the grooves, the researchers were able to control wettability and anisotropic sliding of the 

droplet on the surfaces.110 

Water striders can collect and remove droplets of water using the hierarchical micro-/nano-

textured arrays of setae on their legs. As the water droplet condenses, these structures successively 

collect the droplet until it is large enough to be repulsed by the setae. Wang et al propose that this 

phenomenon can be used to develop water-repellent coatings.111 

 

Figure 2.19. Rice-leaf inspired geometry for anisotropic flow, low drag, and antifouling. 

(Reproduced with permission from Elsevier).112 

 

Bixler et al study the effect of rice-leaf inspired microstructure on fluid flow and self-

cleaning properties.112 Using photolithography, four different types of rice leaf inspired 

topographies have been fabricated as well as a replica of a rice leaf as shown in Figure 2.19. 

Pressure drop studies indicate that the rice leaf replica and the artificial topography with alternating 
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pillar heights that most closely resembles rice leaves performed best in reducing drag in water, oil, 

and airflow.112 

Zurek et al 113 showed that adhesive force and attachment ability of insects such as dock 

leaf beetle differs between larvae and adults due to the presence of smooth and hairy pads, 

respectively, on their feet. Roughness present on the substrate can influence the adhesive force at 

the insect-surface interface. Salerno et al 114 showed that adhesive force between the insect and 

surface was maximized when the surface roughness was highest. 

Fu et al 115 studied the anti-fouling performance of the leaf of a mangrove tree. PDMS 

replicas were created and settlement of tubeworm larvae was examined. The researchers concluded 

that the ridge-shaped surface features inspired by the leaf minimized settlement by affecting the 

attachment points between the surface and the larvae. Geometry of a surface in relation to the 

organism settling on it can also induce a response to that surface. Wu et al116 reported the use of a 

nanostructured topography to create anti-bacterial surfaces. The researchers varied the pillar 

spacings and monitored bacterial density on each substrate. They found that pillar density of 40 

µm-2 contributed the most to the stretching of the bacterial cells, and eventually rupturing them.  

This section discussed the effect of geometry of surface features on macroscale properties. 

Characteristics, such as aspect ratio and feature complexity (such as zig-zags), affect contact area 

of settling species with the surface and result in a wide range of properties. In addition, we have 

examined naturally occurring and nature-inspired topographies where the substrate exhibits 

direction dependent properties such as low-drag and anisotropic wettability due to the topography. 

Surface geometry can induce a response in the settling organism as it interacts with the surface. 

 

2.6 Surface stiffness 

 

The presence of surface texture may have an effect on the perceived stiffness of a material by 

changing the compliance of the structural surface.7 Many insects and beetles exhibit reversible 

adhesion using the microscopic hair-like structures at their pads of their feet called setae. Bullock 

et al117 report that beetles possessed setae of varying dimensions which contribute to different 

stiffness for each.117 More compliant distal pads generated higher adhesive and frictional forces 

on rough surfaces. In contrast, the stiffer proximal pads produce a superior ability to push. This 

illustrates the effect of the dimensions of the surface features on stiffness and overall performance. 
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Additionally, Zhou et al 118 report that adhesion of insects on textured surfaces is related to the 

shear forces between the two surfaces and is influenced by the spacing between the surface 

features. Insects, such as ladybugs, possess claws and adhesive pads to allow for attachment to 

rough and smooth surfaces. Two differently shaped setae are found on the pads and allow the 

insect to maximize adhesive contact to a surface.119  

Surface microstructures in adhesive pads can also deform in response to contact, thereby 

affecting the overall adhesion response of the surface. This results in a change in surface contact 

area and is governed by the stiffness of the features. Studies show that taller, higher aspect ratio 

features displayed more direction-dependent maximum shear stress due to interlocking between 

the surface protrusions. In contrast, this is not seen in the smooth surface or shorter features. The 

surface features can also contribute to arresting the crack propagation at the surface.120 

 
 

Figure 2.20. Microstructure of gecko toe pad (a) consists of a hierarchical structure where hair-

like structures called lamellae (b) are further made up of smaller structures called setae (c) which 

terminate in spatulae (d). (Reproduced with permission from the Royal Society).121 

 

Wetting behavior of gecko-toe pads is linked to adhesion performance in water.113 Inspired 

by the structure of gecko toe-pads shown in Figure 2.20, robust, reusable adhesive tapes with 

hierarchical structures have been developed which exhibit self-cleaning properties,122 surpass the 
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shear stress withstood by gecko, and which can stick to a variety of surfaces, including non-stick 

surfaces.123 Adhesion of gecko’s feet on patterned surfaces such as Sharklet™ is studied on wet 

and dry surfaces.124 In their work studying the effect of an interfacial water layer on gecko 

adhesion, Stark et al 125 report that a hydrophilic surface exhibits a lower shear adhesion to gecko 

feet under wet conditions relative to dry conditions. In contrast, a fluorinated surface shows no 

difference in shear adhesion between wet and dry conditions. The researchers posit that a 

hydrophilic surface enables a layer of water to hinder the surface contact between the gecko, or 

gecko-inspired surface and the hydrophilic surface. In contrast, as hydrophobicity increases, water 

does not fully wet the surface and forms a barrier between the gecko-inspired surface and the 

substrate. Further work has shown that substrate modulus has an impact on adhesion performance 

of geckos depending upon length scales of surface features.126 Klittich et al report the role of nano- 

and macro-scale surface modulus and its effect on surface adhesion.126 The researchers observed 

that while changing macroscale modulus did not significantly impact the adhesion performance of 

the surface, lowering nanoscale modulus reduced adhesion performance. They concluded that this 

could be due to the gecko setae being unable to align due to the softness of the substrate and thus 

being unable to adhere to the surface. In contrast, Alizadehyazdi et al127 studied the relationship 

between bulk modulus of a patterned surface and its adhesion strength. They reported that bulk 

elastic modulus impacts surface adhesion performance. The researchers detected a linear 

relationship between elastic modulus of the patterned surface and work of separation between the 

pattern and a silica particle, and the shear adhesion strength of the patterned surface. Further 

particle attachment studies showed that a lower work of adhesion resulted in lower particle 

attachment, and better self-cleaning performance of silica particles on the surface.127  

Researchers have attempted to understand the mechanisms that lead to reversible adhesion 

exhibited by insects and reptiles in order to recreate them. For example, King et al found that the 

adhesive properties of a material depend on its surface geometry.128 Similarly, Pendergraph et al 

sought to increase contact area by introducing a surface pattern into a PDMS and carbon fiber 

composite and were able to increase adhesion strength with a glass slide by nearly 40%.129 

Similarly, Chan et al130 reported that introducing wrinkles onto the substrate increases the number 

of contact points thereby increasing total force of interaction between the substrate and a flat 

probe.130 
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Research from Crosby and coworkers has advanced studying the adhesion mechanics of 

geckos and creating reusable adhesive materials that are effective on multiple length scales.131,132 

A composite material comprising a stiff carbon fiber fabric with an elastomer coating consisting 

of PDMS or polyurethane (PU) has been used to fabricate robust and reusable adhesive devices 

similar to a gecko toe-pad without mimicking its fibrillar structure133.  Elastomeric surfaces were 

patterned by manipulating localized strain to create wrinkles of varying aspect ratios.134,135 

Adhesion of patterned surfaces to the elastomeric composites was also studied and was found to 

display increased shear adhesion due to increased surface contact115. Effect of film modulus and 

wrinkle geometry on adhesion to elastomeric composite was studied137. The researchers reported 

that for rigid films, wrinkles measuring 0.5 μm in wavelength yielded a dramatically higher 

separation force relative to smooth film. In contrast, larger wrinkles, on the scale of 5 μm showed 

the opposite and reduced separation force. For a soft film, there was no effect of large or small 

wrinkles on separation stress.137 Thomas et al 51 reported that adhesion to a surface can be 

controlled by patterning a surface with cylindrical holes. They altered the separation mechanics at 

the surface by changing surface area. These parameters could further be controlled by changing 

geometry of the surface such as hole radius and spacing between the holes.  

Cells have the ability to respond to surface stiffness where cell growth, differentiation, and 

motility area can be affected by a change in the perceived stiffness of the surface due to the 

introduction of surface topography.138 In many cases, cell structure139,140, and viability141 can be 

determined by the mechanical properties of the substrate and data indicate that substrate stiffness 

affects the force of cellular adhesion and performance.142 Addition of surface topography to the 

substrate can affect cellular behavior by regulating the mechanical properties of the surface.143 As 

mentioned in previous sections, a change in surface topography can affect cell behavior due to 

change in surface area available for contact.144 This change in perceived stiffness due to 

introduction of nanoscale topography can guide differentiation of stem cells into osteoblasts in 

orthopedic implants.145 Tan et al7 show how interactions between a surface and cells can be 

manipulated by adding elastomeric microneedles to the surface. Measured stiffness of the needles 

varies as the inverse cube of needle height. The needles are deflected by the cells as they attach. 

The results show that large adhesion area of the cells results in a corresponding increase in the 

force of adhesion between the cells and microneedles.7 Cells interacting with two dimensional and 

three dimensional substrates behave differently due to the environmental cues they receive. 
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Physical cues such as stiffness and geometry can affect the morphology, alignment, structure as 

well as adhesion of cells.82 

 

 

Depending on the relative sizes of surface topographical features and the indenter, addition 

of surface topography could act to reduce the contact area between the two. Kern et al compared 

the adhesion response of a soft synthetic tissue composed of poly(vinyl chloride) (PVC) when it 

comes into contact with smooth or micro-patterned PDMS.146 The researchers concluded that the 

presence of patterned PDMS caused a decrease in the force of adhesion as shown in Figure 2.21. 

Lin et al also have demonstrated that force of adhesion decreases for a wrinkled substrate 

compared to a flat substrate.16 This is in part due to the decrease in contact area available between 

the two materials due to the introduction of surface topography. The authors also suggested that 

the surface pattern reduced the number of contact sites and thus decreased the work of adhesion 

due to the lower surface area available for contact.  

Displacement (mm) 

L
o
a
d

 (
N

) 

Figure 2.21. Effect of micropatterned stiff PDMS on work of adhesion and separation. Inset 

images show comparison of force of adhesion between a particle, and smooth or micropatterned 

substrate. (Reproduced with permission from the American Chemical Society).146 
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Figure 2.22. Effect of substrate modulus and micropatterns on marine fouling. (Reproduced with 

permission from the American Chemical Society).147  

 

Substrate modulus can have an impact on adhesion of larger organisms of a substrate.148,149  

Factors such as film thickness, surface modulus and roughness played a role in pull off force from 

the surface.150 Brzozowska et al examined the effect of the stiffness of a substrate with a 

hierarchical pattern on its antifouling performance. Inspired by the carapace of Myomenippe 

hardwickii 151, substrates made of PDMS and poly(methyl methacrylate) PMMA were patterned 

with a hierarchical topography and were immersed in seawater and the organism count was 

recorded. Surface properties of both were measured, the water contact angle, surface energy, 

critical surface tension, and isoelectric point were found to be similar. In addition, a water jet 

cleaning was performed, and the organism count was recorded afterwards. The data in Figure 2.22 

showed that although the patterning did not significantly reduce biofouling, the patterned PDMS 

responded more efficiently to the water jet cleaning, compared to the stiffer PMMA. Additionally, 

the patterned PMMA sample showed the worst anti-fouling performance by providing a stable 

attachment surface for the marine organisms. Thus, there appears to be a synergistic effect between 

the surface features and its modulus on the anti-fouling performance of the surface. It could be that 

introducing topography on an inherently stiffer material such as PMMA would change its overall 

modulus when compared to a softer material such as PDMS.  
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Topographical features on a surface affect the substrate stiffness and adhesion performance 

in a number of ways. In organisms such as insects, larger species tend to have smaller structures, 

which acts to increase contact area and therefore, van der Waals interactions between the adsorbing 

species, and the surface, and thereby increase adhesion. The interplay between surface topography, 

stiffness and the adhesive performance of the surface is complex. Adhesion performance can be 

improved or impaired by the presence of surface topography depending on feature size relative to 

the size of the indenter, as well as surface modulus, and wettability.  

 

2.7 Fabrication of surface topography 

 

There are several methods at our disposal to create the necessary surface topography152 and some 

will be discussed briefly. Comprehensive reviews on this topic have been published 

previously.79,153 The most common way to create 3D structures on a 2D substrate involves using 

conventional lithography. This is also one of the most prevalent methods employed in commercial 

settings such as the semi-conductor industry.154,155 Conventional lithography involves the 

formation of structures on polymer films through a mask either due to ultraviolet (UV) radiation 

or particles such as electrons.  

Resolution of features created by conventional lithography is limited by the wavelength of 

light but can be overcome by implementing other manufacturing techniques. Imprint lithography 

takes a patterned mold and contacts a substrate with a polymeric layer. When separated, the pattern 

is transferred to the substrate.156 Soft lithography is a catch-all name for a set of methodologies 

that involve the formation of an elastomeric stamp that is used to transfer and replicate a pattern 

on other substrates.157 Microcontact printing, replica molding, micro-transfer molding, are 

examples of soft lithography methods. Colloidal lithography takes advantage of the planar packing 

structure of colloidal particles for use as a mask for either resist deposition or as an etching 

guide.158 The feature size depends upon the diameter of the spheres used. Yet another approach to 

create periodic structures is to use block copolymers. Block copolymers self-assemble into a 

variety of patterns with long range order which can then be used as templates for many 

applications.159 Reactive ion etching (RIE) can be used to selective remove one block so that a 

pattern can be transferred.160 Lithography uses an imposed pattern on a substrate. In contrast, 

creating wrinkles is a way to induce surface patterns by taking advantages of properties inherent 

in the material.161 For example, a mismatch in the compressive forces between the bulk of the 
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material and a rigid top layer gives rise to periodic wrinkles.162,163 A gradient in surface energy can 

be used to drive fluid flow known as the Marangoni effect which can also create a sinusoidal 

surface topography.164 Finally, 3D printing involves a versatile additive manufacturing technique 

that uses computer aided design to produce samples of any number of shapes and dimensions.165 

Biologically-derived materials, i.e. bacterial cellulose, have been used to create a robust, 

crystalline network of 3D nano-cellulose fibers by bacterial synthesis. These materials can be 

engineered with topographical features or in 3D morphologies.166 Often, the fabrication and 

characterization of topographical features are the limiting step in our goal to develop functional 

surfaces which have the properties discussed previously.  

 

2.8 Computational studies 

 

Behavior of surface topography has also been studied computationally. Wettability of a patterned 

surface can be used as a predictor for many surface properties. It has also been studied extensively 

from a computational perspective.167 When wetting behavior is studied, the small time and spatial 

scales can make it difficult to observe the wetting transition experimentally. This is due to 

limitation in fabricating such surfaces, or limitation in observing the transition. In these cases, it is 

helpful to be able to use simulations to shed light on these behaviors. Researchers have used 

molecular dynamics (MD) simulations to shed light on the wetting behavior and transitions. For 

example, how wetting transition from Wenzel to Cassie state is affected by a surface topography 

will be evaluated.168–172 Other examples include studies of static and dynamic contact angle173,174, 

droplet spreading175–178 and the effect of the hydrophobicity/hydrophilicity179–182 of the surface on 

the above phenomenon.  

The effect of surface topography on particle adhesion and settlement has also been studied 

computationally. A model system comprising a sinusoidal surface topography has been studied in 

the past using a Monte Carlo simulation scheme to characterize the effect of topography on particle 

settlement. The goal was to characterize adhesion and settlement of the particle as a function of 

surface geometry. Schoch et al183 examined the adsorption of a single soft particle on sinusoidal 

substrates. Settlement was minimized when λ = D/2, where λ is the wavelength of the sinusoidal 

topography, and D is the particle diameter. Further Monte Carlo simulations performed in a 

multiple particle system indicated that mobility of particles was governed by the particle-substrate 

interaction. When the particle diameter was smaller than the feature width, interactions between 
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feature and particle were reduced. Finally, addition of polymeric ‘hairs’ on the surface of the 

particles increased likelihood of settlement on the surface regardless of substrate geometry.184 

Figure 2.23 depicts the result of taking these studies even further and examining the settlement of 

polydisperse particles on a sinusoidal substrate.185 Sinusoidal surfaces with increasing 

wavelengths are shown from left to right, and with increasing amplitude from top to bottom. 

Settlement of polydisperse particles upon them shows that addition of surface topography reduces 

adhesion strength by about 40%.  

 

Figure 2.23. Settlement of monodisperse (top) and polydisperse (bottom) particles on a variety 

sinusoidal surfaces with feature heights FH=5 - 80 and feature widths (λ) relative to λ/D=0.25 - 4.  

Wavelength increases from left to right; feature height increases from top to bottom; the particles 

are colored according to the legend by particle diameter. (Reproduced with permission from Taylor 

& Francis).185 
 

 

2.9 Summary and conclusion 

 

Understanding the effect of surface topography on settlement of naturally occurring and synthetic 

species is crucial in many fields, including, filtration, anti-fouling surfaces, and adhesive systems. 
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In nature, there are many ways in which surface topography imparts different characteristics to 

organisms. They have been discussed previously and include low-drag properties of shark skin, 

self-cleaning abilities of lotus leaves, reversible adhesion displayed by reptiles and insects, just to 

name a few. Researchers have taken inspiration from the naturally occurring examples, and 

experimentally and computationally created artificially substrates to recreate some of these 

properties. Of particular interest is the impact of changing surface topography on particle 

settlement and adhesion on the surface. We have described how aspects of the surface topography 

such as feature size, geometry and stiffness impact their adhesion performance. From the examples 

discussed above, we have witnessed that size of surface features changes the wettability of the 

surface and affects the surface area available for settlement. Feature geometry imparts anisotropy 

to a surface. Stiffness of a surface plays an important role in governing the adhesive properties of 

the surface. Individually or in conjunction, these attributes of surface topography act to affect the 

settlement of natural organisms or synthetic particles on the surface. More studies need to be 

conducted to further our understanding of the mechanisms behind antifouling topographies or 

adhesive surfaces. Fabrication of functional topographies is often limited by the complexity in size 

and geometry of the features, so further work needs to be done in this regard. This is especially 

true in the case of hierarchical topographies.  
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3.1 Abstract 
 

Naturally-occurring surface topographies endow various properties, such as superhydrophobicity, 

adhesion, antifouling, self-cleaning, anti-glare, anti-bacterial, and many others. Researchers have 

attempted to create artificial surfaces that aim to replicate these properties using human-made 

materials. A systematic look at the effect of the size and geometry of surface features and their 

impact on the behavior of settling species is necessary. In this work, we use a model system 

comprising circular and elliptical microwells fabricated using Sylgard 184, commercial 

polydimethylsiloxane (PDMS) kit, with silica (SiOx) beads settling on the substrate. We vary the 

size and the ratio of the principal axes (which we term aspect ratio, AR, in this work) of the circular 

and elliptical wells and examine the effect of functionalizing the surface with n-

octyltrichlorosilane (OTS) on the interaction between the surface, solvent, and the settling 

particles. We use two solvents that exhibit different wetting behaviors on the PDMS substrate, to 

deposit the particles to observe the solvent effect on particle settlement and segregation within the 

well. In the case of circular wells, we see that there is a segregation of particles by size when they 

are deposited with de-ionized water (DIW). Particles deposited using isopropyl alcohol (IPA) do 

not segregate to the edge of the well but settle and cluster throughout the interior of the well. DIW 

and IPA wet the PDMS surface differently, leading to different settlement patterns on the surface. 

To examine the effect of the curvature of the well on settling behavior, we fabricate elliptical wells 

of increasing AR and deposit particles using DIW and IPA. We report particles present at the 

periphery of the elliptical microwell, as well as significant scatter in particle position independent 

of solvent. We conclude that particle segregation on microwells depends on the relative sizes of 

the particles and microwells, as well as the wetting behavior of the solvent on the microwell 

substrate.  
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3.2 Introduction 
 

Understanding the performance of surfaces as they interact with their environment is vital for the 

design of paints, water-proof clothing, non-stick materials, adhesives, anti-glare coating, and many 

other materials. The performance of these substrates can be attributed to the geometry and 

chemical composition of the surface. Topographically-patterned surfaces can exhibit performance 

characteristics such as super-hydrophobicity1, antifouling properties2, reversible adhesion3, and 

different wettability characteristics.4,5  

Characterizing fouling caused by biological organisms is pertinent to improving the 

performance of membranes, biomedical devices, and shipping vessels, among others5–11. For 

example, preventing barnacle attachment on ship hulls can reduce drag and increase fuel 

efficiency.12 It could also avoid ecological disruption to ecosystems due to non-native species 

attaching to ship hulls.13 Organometallic compounds, such as tributyltin, have traditionally been 

used as hull coatings to inhibit biological attachment. However, these compounds leach into the 

ocean and are detrimental to marine life, and have consequently been banned.14 This created a need 

for nontoxic, antifouling and foul-release chemistries.15 As a result, research into environmentally 

benign coatings enabled by the presence of nature-inspired surface topographical features has 

increased. 

The natural world contains many examples of functionalities imparted due to surface 

topography.16 One such example is how the wettability of surface changes due to the presence of 

texture. For a perfectly smooth surface, Young’s equation describes the contact angle 

characterizing the spreading of the liquid droplet on the substrate. Balancing the interfacial 

energies between the substrate and vapor (γSV), the substrate and liquid (γSL), and liquid and vapor 

(γLV) gives rise to a contact angle θ.  However, when topography is introduced17, one of the two 

mechanisms governs this phenomenon. In the ‘Wenzel’ regime, the drop is in constant contact 

with the substrate.  Increasing the surface roughness may either increase or decrease wettability 

depending on whether a corresponding flat substrate has θ<90° or θ>90°, respectively.  If the 

surface features become smaller, the drop enters the so-called ‘Cassie-Baxter’ regime where the 

contact between the surface and water droplet is reduced, and the droplet is only in contact with 

the tops of the features.18 Thus surface wettability depends on the shapes and dimensions of the 

surface topographical features. Changing the probing liquid can also alter how the surface is wet. 
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For example, de-ionized water (DIW) has a high contact angle on a poly(dimethylsiloxane) 

(PDMS) surface. In contrast, isopropyl alcohol (IPA) wets the surface better and results in a low 

contact angle.  

The ability to change the wettability of a surface by introducing topography can be used to 

manipulate how the surface interacts with natural and artificial settling species. For example, the 

settlement of microorganisms has been controlled by varying the wettability of water on the 

surface.19,20 The presence of a microwell pattern can result in local wettability changes.21 A surface 

pattern comprising microwells can result in an irregular de-wetting pattern on the surface where 

the liquid can preferentially fill the holes.22 Surface topography on a surface can be used to direct 

assembly of particles on the surface.23 Controlling these phenomena can be used in many 

applications, such as the design of mobile micromachines.24 Dinsmore et al. .25 have shown that 

the presence of surface microstructures can drive the confinement of a colloidal sphere at the edge 

of the microstructure step. 

Sorting particles using surface topography-driven wettability has been studied.26–28 In-situ 

photolithography has been used to fabricate microstructures to immobilize particles for imaging 

applications.29 Yu et al. 30 have shown that particles can be sorted into pre-determined wells in a 

substrate such that they deform to take the shape of the wells. A survey of literature also shows 

curvature caused by the presence of pillars on a surface can drive the assembly of particles such 

rods and spheres by capillary forces.31–34 Furthermore, these capillary forces can be used to induce 

migration of particles on a surface.35 

Previous work has provided insight into particle settlement on sinusoidally-corrugated 

substrates36–38. Monte Carlo simulations helped establish how the interplay between the particle 

size, chemistry, and the dimensions of the substrate collectively dictate particle deposition. We 

have also experimentally investigated how the addition of sinusoidal surface topography, 

chemistry, and substrate modulus govern the settlement of particles.39 In this work, we employ 

circular and elliptical microwells to examine the settlement and segregation of silica (SiOx) 

particles as a function of the size and geometry of the wells and the interaction between the surface 

pattern and the solvent used to deposit the particles. We examine how varying the hydrophobicity 

of the surface affects the settlement pattern of the particles. We also vary the solvent medium used 

to deposit the particles on the surface to study the effect of solvent-surface interaction on the 
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arrangement of particles on the surface. We observe that when the solvent does not wet the interior 

surface of the microwell, particles settle at the periphery of the wells. In contrast, a solvent which 

wets the interior surface of the microwell, results in scatter in particle position in the interior of the 

well. 

 

3.3 Experimental methods 
 

We used conventional photolithography to prepare the substrates. We spin-coated a layer of SU8 

2050 photoresist atop a silicon wafer. We then placed a photomask printed with the desired pattern 

on the silicon wafer and crosslinked the exposed SU8 regions with UV light. We dissolved away 

the un-crosslinked SU8 using the proprietary SU8 developer solution, leaving the specified pattern 

behind. We created PDMS replicas from the SU8 molds on the silicon wafer using a 10:1 ratio of 

Sylgard 184 base to crosslinker ratio mixture. We degassed this mixture, poured it over the SU8 

molds, and annealed it in a 70˚C oven overnight. We peeled away the cured PDMS from the wafer 

to reveal the pattern on the PDMS.  

We chemically functionalized the patterned PDMS substrate by exposing it to ultra-violet 

ozone (UVO) for 15 minutes and placing it into a Petri dish that contained a drop comprising a 

mixture of n-octyltrichlorosilane (OTS) and mineral oil (1:4 w/w). Chemical functionalization by 

OTS results in a marginal increase in water contact angle relative to unmodified PDMS from 107˚ 

to 109˚. After 1 hour, the sample was removed from the Petri dish and washed with hexane to 

remove any physisorbed siloxane. Dimensions of circular and oval wells fabricated are listed in 

Table 3.1 and Table 3.2, respectively. 

Table 3.1. Dimensions of surfaces patterned with circular microwells 

Shape Radius (μm) 

Circle 50 

Circle 100 

Circle 200 
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Table 3.2. Dimensions of surfaces patterned with elliptical microwells 

Shape Major axis 

(μm) 

Minor axis 

(μm) 

Aspect ratio 

(AR) 

Ellipse 400 200 2:1 

Ellipse 800 200 4:1 

Ellipse 1600 200 8:1 

 

We prepared mixtures of de-ionized water (DIW) and polydisperse silica (SiOx) particles 

with nominal radii of 25, 50, 100 μm, and carefully pipetted them on the corrugated surfaces. 

Additionally, we prepared similar mixtures of particles using IPA as the medium and deposited 

them upon the PDMS substrates. In each case, we allowed the systems to air dry. We imaged the 

wells with particles deposited upon them using optical microscopy and recorded the particle 

positions. 

 

3.4 Results and Discussion 
 

We employed optical microscopy to acquire images of the particle deposition patterns. Examples 

of these are shown below in Figure 3.1, which depicts the geometries that we will discuss in this 

section and illustrates the settlement patterns that will be analyzed further. Figures 3.1a-3.1d 

display the settlement of particles of 25 μm radius in circular microwells having a radius of 200 

μm. In Figure 1a, we observe that when particles are deposited on unfunctionalized PDMS using 

DIW, they segregate at the periphery of the well. We detect the same behavior in Figure 3.1c, 

where we use DIW to introduce particles on a PDMS surface functionalized with OTS. In contrast, 

when we deposit particles on the PDMS substrate from IPA solutions, we detect some particles at 

the periphery as well as particle clusters in the interior of the well (Figure 3.1b). This is again 

observed in Figure 3.1d when IPA is used to deposit particles on the OTS-functionalized PDMS 

substrate, and particles are present at both the edge of the microwell as well as its interior as 

aggregates. To assist with our understanding of particle settlement, we also display images of 

particle positions immediately after particle deposition but prior to solvent evaporation in Figures 

3.1a and 3.1b.  Figures 3.1e-3.1h show a series of images of a microwell with particles in DIW 
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during DIW evaporation. From their initial position in the interior of the well, the DIW evaporation 

induces a change in particle location to the periphery of the well. In contrast, for particles deposited 

from IPA (Figures 3.1i-3.1l) we observe little movement of the particles to the periphery of the 

well during IPA evaporation.  The particles tend to cluster.   

 

Figure 3.1 Microscopy images showing the deposition pattern of particles on circular microwells 

with a radius of 200 μm. PDMS microwells with a radius of 200 μm are deposited with 25 μm 

radius particles using (a) DIW, and (b) IPA. PDMS substrates chemically functionalized with OTS 

are deposited with particles using (c) DIW, and (d) IPA. Time-lapse images of particle movement 

in a microwell shown as (e)-(h) DIW evaporates over the course of 15 minutes, and (i)-(l) as IPA 

evaporates over the course of 3 minutes. The time interval between images (e) and (f) is 14 minutes 

but the intervals between (f), (g) and (h) are 1 minute each. In contrast, the time interval between 

(i)-(l) is 1 minute each. Scale bar = 200 μm. 

 

We report the location of SiOx particles as a function of circular microwell size and the 

modification of the substrate using the parameters laid out in Figure 3.2, where a particle (in blue) 

is depicted in a circular microwell. We measure the distance of the center of each particle from the 
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center of the microwell (p). The radii of particle and microwell are given by r and R, respectively. 

We normalize p by the microwell radius R, which provides the relative particle position in the well 

so that particle locations can be compared from microwells featuring multiple radii. We then plot 

R/r vs. p/R so that we could track how the particle position inside the well changed for particles of 

various sizes. We also examine the effect of the solvent (DIW vs. IPA) used to deposit particles 

on the location of the particles. These data are presented in Figures 3.3-3.6 and will be discussed 

further.   

 

Figure 3.2. Spatial description of particle position inside the microwell. 

 

Figure 3.3 shows the particle position maps on microwells of different sizes described in Table 

3.1 deposited using DIW solutions. We studied unfunctionalized PDMS substrates and OTS-

functionalized PDMS substrates. In Figure 3.3, we plot R/r vs. p/R for particles resting in well of 

three different well sizes; a) R=50 m, b) R=100 m, and c) R=200 m. The colors represent 

particles of different sizes; red corresponds to r=25 m, blue corresponds to r=50 m, and green 

corresponds to r=100 m. For a given particle size, as microwell diameter increases, the particle 

has more surface area inside the well available for settlement. In the case of unfunctionalized 

PDMS, the particles segregate to the edge of the well (as p/R approaches 1). This is observed 

primarily for small particles in large wells, i.e., at large values of R/r. For larger particles, as R/r 

approaches 1, p/R decreases, i.e., as particle size approaches the radius of the well, and the centers 

of the particle and well coincide (p/R decreases and approaches zero). We observe similar behavior 

when the substrate is functionalized with OTS. For a given well size at large R/r, smaller particles 

are confined to the outer perimeter of the well, and larger particles are found closer to the center 

of the well. 

R 

r 

p 
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Figure 3.3. DIW-deposited particle position in microwell as a function of the radius of the 

microwell. Substrates featuring wells of (a) R=50 μm, (b) R=100 μm and (c) R=200 μm, deposited 

with r=25 (red), r=50 (blue) and r=100 (green) μm particles. Particles are deposited on substrates 

with and without OTS chemical functionalization. 

 

Figure 3.4 shows the settlement of particles on unmodified PDMS and OTS-functionalized 

PDMS substrates using IPA as the solvent medium. Figures 3.4a-c depict the deposition of 

particles in microwells of radii 50, 100, and 200 μm, respectively. Unlike DIW deposition, 

particles deposited using IPA are not confined at the edge of the well. There is scatter in the 

position of the particle in the interior of the microwell. Particles and wells of all sizes exhibit this 

phenomenon. Unlike DIW, IPA wets the surface of the substrate completely, including the interior 

of the well. It means that particles have access to the full surface of the microwell resulting in the 

observed scatter in particle position. We further illustrate this point by tracking the change in p/R 

values for each particle and well size combination and substrate chemistry, as shown in Figures 

3.5 and 3.6.  
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Figure 3.4. IPA-deposited particle position in microwell as a function of the radius of the 

microwell. Substrates feature wells of (a) R=50 μm, (b) R=100 μm and (c) R=200 μm radius, 

deposited with r=25 (red), r=50 (blue) and r=100 (green) μm particles. Particles are deposited on 

substrates with and without OTS functionalization. 

 

Figure 3.5 plots the change in the distribution of particle location in the unfunctionalized 

PDMS microwells as a function of deposition solvent by tracking how p/R values change for each 

combination of particle and microwell size. p/R values are divided into intervals of 0.1. Figures 

3.5a-c show the distribution of p/R values for particle deposition in DIW, and Figures 3.5d-f show 

the same for particle deposition in IPA for the microwell sizes listed previously. The symbols 

correspond to particle radii and experimental conditions depicted in Figures 3.3 and 3.4. Particles 

deposited using DIW show a peak in the areal density of particles were p/R values approach 1, 

which corresponds to the periphery of the microwell. We observe this phenomenon when small 

particles are deposited in large wells (R/r is large). When the radius of the particle approaches the 

radius of the well, the particle is located closer to the center of the well (p/R values approach zero). 

Distribution of p/R changes when IPA is the deposition solvent. 

In contrast to particle deposited using DIW, particles deposited using IPA show more 

scatter in p/R corresponding to more scatter in position in the microwell. We observe this when 25 

μm particles are deposited onto 200 μm wells. The histograms also confirm our earlier observation 

that when r approaches R, we detect that the centers of the particles begin to coincide with the 

center of the wells.  The particles deposited from IPA solutions tend to cluster (cf. Figure 3.1). 
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Figure 3.5. Histogram showing the change in the distribution of DIW-deposited particle position 

on parent PDMS substrates as a function of particle radius and microwell size in microwells of (a) 

R=50 μm, (b) R=100 μm, and (c) R=200 μm radius. Histogram showing the change in the 

distribution of IPA-deposited particle position on unfunctionalized PDMS substrates as a function 

of particle radius and microwell size in microwells of (d) R= 50 μm, (e) R=100 μm, and (f) R=200 

μm. The particle sizes are r=25 (red), r=50 (blue) and r=100 (green) μm. 

 

Similarly, we use histograms to track the change in the particle position on the OTS-

functionalized PDMS substrate. Figures 3.6a-c show the distribution of particle position deposited 

using DIW on OTS-functionalized PDMS substrate, and Figures 3.6d-f show the corresponding 

distribution of p/R values when the particles are deposited from IPA solutions. OTS increases the 

hydrophobicity of the surface, and small particles are confined at the edge of the microwells. As a 

result, we detect a higher number of particles with values of p/R close to 1, especially for small 

particles in large wells. When the surface is wet with IPA, a similar change in the distribution of 

particle position occurs. IPA wets the entire microwell surface resulting in a distribution of 

particles in the interior of the well and particle clustering (cf. Figure 3.1). Therefore, the 

corresponding p/R values for the particles show more scatter, especially in the case of 25 μm 

particles in the largest microwells. These data show that settlement and segregation of particles in 

the circular wells are dependent on relative sizes of the wells and particles, in addition to the 

wetting behavior of the solvent medium on the wells.  
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Figure 3.6. Histogram showing the change in the distribution of DIW-deposited particle position 

on OTS-functionalized PDMS substrates as a function of particle radius and microwell size in 

microwells of (a) R=50 μm, (b) R=100 μm, and (c) R=200 μm. Histogram showing the change in 

the distribution of IPA-deposited particle position on OTS-functionalized PDMS substrates as a 

function of particle radius and microwell size in microwells of (d) R=50 μm, (e) R=100 μm, and 

(f) R=200 μm.  The particle sizes are r=25 (red), r=50 (blue) and r=100 (green) μm. 

 

The differences observed in the settlement pattern as a function of solvent can be attributed 

to their respective wetting behaviors on the microwell surface. A possible explanation is the so-

called “coffee-ring effect.” This phenomenon describes the particle settlement morphology left 

behind upon the evaporation of a droplet of liquid with particles in suspension. Evaporation occurs 

at a faster rate at the edge of the drop, thereby causing the particles to migrate from the interior of 

the drop to the edge of the well. As the drop continues to dry, there is an accumulation of the 

suspended particles at the edge of the drop leading eventually to a dry ring of particles when the 

liquid has evaporated.40 Shen et al. .41 showed that the rate of drying of the solvent has an impact 

on the ring formation. Many factors lead to the formation or inhibition of “coffee-ring effect.”  The 

“coffee-ring effect” can be mitigated or reversed due to capillary forces, which can cause the 

motion of particles inward towards the center of the drop. This effect is enhanced when the contact 

angle of the droplet is reduced.42 A variation in local surface tension of the droplet can also reverse 

the “coffee-ring effect” observed on the substrate resulting in Marangoni flows where the particle 
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motion is towards the center of the drop.43 When the rate of liquid evaporation is higher than the 

rate of particle movement, ring formation is inhibited.41 Morphology of particle deposition is 

determined by the combinations of the interactions between the surface, solvent, and particle 

interfaces.44 In our system, we use flat, unpatterned PDMS to illustrate the different settlement 

patterns of particles when we use DIW and IPA (see Appendix A1).  

This phenomenon can shed light on the behavior of particles observed in the particle 

deposition experiments performed. When particles are deposited on the surface in DIW, the liquid 

may not fully penetrate all the microwells, and the edge of the droplet can coincide with the edge 

of the well. Water evaporates at a faster rate at the edge of the drop compared to the bulk of the 

droplet, creating a convective flow of the liquid from the bulk to the edge. This flow causes the 

particles to be pushed towards the contact line of the water drop coincident with the edge of the 

microwells leading to the particle segregation observed at the edge of the well. We observe this 

phenomenon in Figures 3.1e-1h where the particle position changes from the center of the well to 

the periphery as the DIW evaporates. The final particle positions for particles deposited from DIW 

are shown in Figures 3.1d and 3.1a. In contrast, when particles are deposited using IPA, the 

solvent wets the interior of the wells leading to the settlement of particles in the interior of the 

wells. The rate of evaporation of IPA is faster compared to DIW. Thus, the rate of evaporation 

from the edge of the well may not be higher than that from the center of the well in the case where 

solvent thoroughly wets the microwell leading to reduced movement of particles towards the edge 

of the well. This may lead to the inhibition of the “coffee-ring effect” and may diminish the 

segregation of particles at the edge of the well. We observe this in Figures 3.1i-1l as there is very 

little movement of particles towards the periphery of the wells as the solvent dries. As a result, 

upon evaporation of the solvent, particles are present both at the periphery of the well and the well 

interior and is shown in Figure 3.1b. In our work, we see this behavior in Figures 3.5 and 3.6 

where we contrast the particle position resulting from deposition in DIW and IPA. In the former 

case, particles congregate at the periphery of the well.  In the latter case, we detect particles settling 

in the interior of the well. Gravitational effects could also play a role in the settlement pattern 

observed as the SiOx particles used have a higher density than either of the two solvents used for 

deposition. The higher relative density could make it less likely that once a particle has come in 

contact with the surface, the solvent is able to transport it to the periphery of the microwell. Similar 

experiments with particles of lower density materials such as PDMS can be performed to 
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comprehend the effect of particle density, and the results can be compared with SiOx particle 

settlement. It is possible that the lower density PDMS materials could be more susceptible to the 

“coffee-ring effect” and may be transported to the periphery of the well by the evaporating solvent. 

We hypothesize that IPA has a compatibilizing impact on the interactions between the PDMS 

substrate and the particles. A layer of IPA physisorbed on the particle could enable it to settle in 

the interior of the microwell, form particle clusters, and counter the capillary forces driving the 

particle outwards to the periphery.  

We also fabricated elliptical wells to study the effect of changing the curvature and 

increasing the surface area available for settlement on particle position in the surface features. The 

dimensions of an ellipse are provided in Table 3.2 and governed by Equation 3.1, where a and b 

are the major and minor axes of the ellipse, respectively. The aspect ratio (AR) is given by a/b.  

The settlement of particles on elliptical wells is described using the parameters described in Figure 

3.7. Due to the symmetry of the ellipse, we will consider the top-right quadrant of the ellipse. We 

map the location of the particle in the ellipse as a function of the distance between the center of 

the ellipse and the center of the particle (given by p). This parameter is normalized relative to the 

distance between the center of the particle and the edge of the ellipse as that line passes through 

the center of the particle (given by R). Here, a small value of p/R indicates that the particle is 

located close to the center of the ellipse, and a value of p/R close to 1 indicates that the particle is 

located at the edge of the ellipse.  

𝑥2

𝑎2
+

𝑦2

𝑏2
= 1          (1) 
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Figure 3.7. Spatial description of particle settling inside the oval-shaped well of defined size. 

 

 We used optical microscopy to capture images of the particles on elliptical microwells of 

varying ARs, and these are shown in Figure 3.8. Figures 83.a-c depict the particles as they are 

deposited on elliptical wells with ARs of 2:1, 4:1, and 8:1, respectively, using DIW. Particles are 

found primarily at the periphery of the microwells, but some particles settle also in the interior of 

wells. IPA is used to deposit particles on the ellipses with these ARs and is depicted in Figures 

3.8d-f. Here, we observe an increase in the scatter of the particles in the interior of the microwells 

and detect particle clusters, as seen in the circular wells (cf. Figure 3.1).  
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Figure 3.8. Elliptical microwells of non-constant curvature showing particle deposition as the 

solvent is varied. DIW is used to deposit particles on ARs of (a) 2:1, (b) 4:1 and (c) 8:1. Particles 

deposited with IPA on ARs of (d) 2:1, (e) 4:1, and (f) 8:1. The particle radius shown is 25 μm. 

Scale bar = 200 μm. 

 

As mentioned before, per Table 3.2, three different ARs values were chosen. We 

performed the deposition experiments described above and tracked the particle position inside the 

elliptical well. In our previous analysis, we showed that particle position depends on the relative 

sizes of the particles and microwells, leading to plotting the particle position (p/R) versus R/r. 

Unlike a circle, in an ellipse, the value of R is not constant and ranges between a and b. The data 

that follow show that particle position on the ellipse periphery changes when AR increases, and 

the low curvature portion of the ellipse periphery increases as a result. To plot particle position as 

a function of changing ellipse size, we plotted the p/R parameter versus R normalized by the length 

of the major axis (R/a), so that we can compare the change in position of particles across multiple 

ARs (Figure 3.9). 
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Figure 3.9. Tie lines in ellipses of AR 2:1 that indicate the relationship between the ellipse and 

the transformed coordinates and help visualize the position of particles in the plots that follow with 

transformed coordinates.   

 

When R/a close is 1, the particle is located in the highest curvature region of the ellipse, 

also known as the vertex. To assist in visualizing the particle position in the ellipse, we provide tie 

lines spaced 25 μm apart, which correlate the particle position plotted on transformed coordinates 

with the particle position in the ellipse. The calculations used to generate the tie lines in the 

transformed coordinate system, and examples of different particle positions converted from real to 

transformed coordinates are provided in Appendix A1. Figure 3.9 depicts the elliptical tie lines 

to visualize the location of the particles in the transformed coordinates that follow for AR of 2:1. 

Similar elliptical tie lines for ARs of 4:1 and 8:1 are found in Appendix A1. We will use the 25 

μm particle deposition as an example to explain our analysis of the particle position in elliptical 

wells. Figures 3.10a-c show the location of particles mapped on the transformed elliptical 

coordinates for the three different ARs when the particle deposition is performed from DIW 

solutions. Similar particle settlement behavior is observed on unfunctionalized PDMS substrates 

and OTS-functionalized PDMS substrates. For each elliptical geometry, the centers of these 

particles lie approximately 25 μm from the edge of the ellipse. This means that these particles are 

located at the edge of the ellipse. As AR increases, more particles are found at the lower curvature 

region of the elliptical well. There is a significant amount of scatter of particle locations in the 

interior of the well.  

 



68 
 

 

Figure 3.10. Particle position of r=25 μm particles on unfunctionalized PDMS and OTS-

functionalized PDMS deposited using DIW on (a) 2:1, (b) 4:1, (c) 8:1 ARs. Tie lines visualize 

particle position in the ellipse, as shown in Figure 7. 

 

We now consider the effect of changing the solvent used to deposit the particles. Figure 

3.11 shows the location of particles deposited using from IPA solutions on unfunctionalized and 

OTS-functionalized PDMS substrates. We measured the position of particles in elliptical wells 

using the method described above and plotted them in Figures 3.11a-c. We detect particle 

settlement patterns similar to the DIW case and observe no change due to chemical 

functionalization wherein smaller particles segregate along the periphery of the ellipse as well as 

in the interior. Increasing AR also appears to increase settlement at the low-curvature region at the 

perimeter of the ellipse (at low values of R/a). Compared to the DIW deposition, particles 

deposited using IPA solutions show less segregation at the edge of the ellipse and more settlement 

and clustering in the interior of the well.  

 

Figure 3.11. Particle position of r=25 μm particles on unfunctionalized PDMS and OTS-

functionalized PDMS deposited using IPA on (a) 2:1, (b) 4:1, (c) 8:1 ARs. Tie lines visualize 

particle position in the ellipse, as shown in Figure 7. 
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Using the same framework, we repeated these experiments using particles of larger radii, 

i.e., 50 μm and 100 μm. Figure 3.12 shows the position of these larger particles deposited using 

DIW on functionalized and OTS-functionalized elliptical wells. Figures 3.12a-c depicts the 

location of the particle in the elliptical well as AR is increased in the transformed coordinates 

described above. Tie lines help to visualize the particle position in the ellipse. We detect some 

particles settling at the edge. Compared to the position of 25 μm particles, the locations of particles 

of a larger radius present at the periphery are shifted towards the center. Due to their larger size, 

they exhibit a lower value of p/R and thus are closer to the center of the ellipse. There is 

significantly more scatter observed in the position of 100 μm particles compared to the 50 μm 

particles due to the large particle size relative to the size of the well. A comparison between 

unfunctionalized and OTS-functionalized PDMS surfaces shows that there is no discernable 

difference observed in the particle settlement on each concerning particle size. We will examine 

this further in the histogram analysis below.  

 

Figure 3.12. Particle position of r=50 μm and r=100 μm particles on unfunctionalized PDMS and 

OTS-functionalized PDMS deposited using DIW on (a) 2:1, (b) 4:1, (c) 8:1 ARs. Tie lines visualize 

particle position in the ellipse, as shown in Figure 7. 

 

These experiments are repeated with particle sizes of 50 μm and 100 μm deposited onto 

unfunctionalized and OTS-functionalized substrates using IPA solutions and depicted in Figure 

3.13.  We report particles at the edge of the elliptical but fewer when compared to the DIW case. 

We also see a significant amount of scatter in particle locations in the interior of the well. We do 

not detect any effect of the OTS functionalization on particle settlement compared to 

unfunctionalized PDMS substrates. It is also difficult to discern a pattern in the settlement of the 
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100 μm particles due to the scatter in the position. Histograms below show the effect of solvent on 

change in particle position.  

 

Figure 3.13. Particle position of r=50 μm and r=100 μm particles on unfunctionalized PDMS and 

OTS-functionalized PDMS deposited using IPA on (a) 2:1, (b) 4:1, (c) 8:1 ARs. Tie lines visualize 

particle position in the ellipse, as shown in Figure 7. 

 

Figure 3.14 depicts the change in the particle position as a function of solvent used for 

deposition by tracking the change in p/R distribution. As before, the p/R values are divided into 

intervals of 0.1, and the symbols correspond to the size of the particles and experimental conditions 

from Figures 3.9-3.13. Figures 3.14a-c show the particle settlement on unfunctionalized PDMS 

substrates using DIW as the medium as ellipse AR is increased. There are some particles on the 

edge of the elliptical well, but there is scatter in the p/R values as well. This is true for particles of 

all sizes. When the solvent changes to IPA, the settlement pattern changes as described in Figures 

3.14d-f. Particle segregation at the edge for smallest sized particles is reduced, and the scatter in 

the position increases. For larger particles, the scatter in the particle position appears unchanged. 

In Figure 3.15, the same trends are detected when particles are deposited upon OTS-functionalized 

elliptical wells. Particles of all sizes settle at the edge as well as in the interior of the ellipse. There 

is segregation at the edge of the well when particles are deposited with from DIW solutions 

compared to IPA. Still, in both cases, there is significant scatter in position for particles of all sizes. 

From Figures 3.14 and 3.15, we do not see a considerable difference between the settlement 

pattern of particles when the deposition solvent is changed from DIW to IPA in elliptical wells 

when compared to the circular microwells considered in Figures 3.5-3.6. We believe that the larger 

surface area of the elliptical wells diminishes the effect of solvent in facilitating the arrangement 

of the particles compared to the smaller circular wells. The large surface area of the elliptical well 
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feature enables the DIW to wet the surface entirely similar to the behavior of IPA on the surface. 

The “coffee-ring effect” may be responsible for the particles settling at the periphery of the oval 

microwell. Due to the combination of the solvent wetting the PDMS surfaces similarly, and the 

“coffee-ring effect”, the settlement patterns of the particles on elliptical wells are not affected by 

the surface functionalization and the solvent used for deposition.  

 

Figure 3.14. Histogram showing the change in the distribution of DIW deposited particle position 

on unfunctionalized PDMS substrates as a function of particle radius and ellipse AR in (a) 2:1 (b) 

4:1 (c) 8:1 AR ellipses. Histogram showing the change in the distribution of IPA-deposited particle 

positions as a function of particle radius and microwell size in (d) 2:1 (e) 4:1 (f) 8:1.  The particle 

sizes are r=25 (red), r=50 (blue) and r=100 (green) μm. 
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Figure 3.15. Histogram showing the change in the distribution of DIW deposited particle position 

on OTS- PDMS substrates as a function of particle radius and ellipse AR in (a) 2:1, (b) 4:1, (c) 8:1 

AR ellipses. Histogram showing the change in the distribution of IPA-deposited particle positions 

as a function of particle radius and microwell size in (d) 2:1 (e) 4:1 (f) 8:1.  The particle sizes are 

r=25 (red), r=50 (blue) and r=100 (green) μm. 

 

 

3.5 Conclusion 
 

We examined the role played by surface topographical features of varying size, geometry, and 

solvent wetting behavior in sorting and segregation of settling particles on the substrate. We 

consider a model system comprising a PDMS substrate patterned with circular and elliptical 

microwells and spherical SiOx particles. To study the settlement and segregation behavior of the 

particles on these patterned substrates, we varied several parameters in the system, such as the 

shape and size of the microwells and size of the particles. We also varied the chemistry of the 

substrates and the solvent used for the deposition of particles. For circular microwells, we observed 

that particle segregation in the microwell depends on the deposition solvent as well as the size of 

the particle relative to the size of the well. The “coffee-ring effect” may contribute to the observed 

morphology. When DIW is used for particle deposition, particles segregate according to the radius, 

with the smallest particles found at the edge of the well, and larger particles in the interior. This is 
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especially apparent when small particles settled in large wells. When the deposition is carried out 

using IPA, the scatter in particle position increases, and there is no discernable segregation in the 

particles by size. Particles of all sizes are present across the surface of the well and form distinct 

clusters. We hypothesize that the cluster formation to hydrophobic interactions among particles 

may be due to the adsorbed IPA molecules on the surfaces of the particles.  OTS-functionalization 

of the PDMS surface increases the hydrophobicity of the surface and results in the same particle 

settlement pattern described above. Gravitational effects can play a role in the settlement pattern 

on the substrate as well, and these can be further characterized by employing particles of different 

densities. To study the effect of changing curvature on particle settlement, we fabricate elliptical 

microwells of different ARs. For each AR, the smallest particles are located at the periphery of the 

elliptical well.  As the particle size grows, the particle position approaches the center of the well. 

In the interior of the well, we see a high degree of scatter in the location of the particles irrespective 

of particle size. This effect is observed regardless of the deposition solvent. Relative to the circular 

wells, the higher degree of scatter present in the oval wells indicates that the settlement is 

independent of the solvent used. Thus, particle position on a surface patterned with microwells is 

determined by the size of the particle, the solvent type, and interactions between the particles 

mediated by the solvent.  
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4.1 Abstract 
 

Naturally-occurring surface topographies abound in nature and endow diverse properties, i.e., 

superhydrophobicity, adhesion, anti-fouling, self-cleaning, anti-glare, anti-bacterial, and many 

others.  Researchers have attempted to replicate such topographies to create human-made surfaces 

with desired functionalities.  For example, combining the surface topography with judicial 

chemical composition could provide an effective, non-toxic solution to combat non-specific 

biofouling.  A systematic look at the effect of geometry, modulus, and chemistry on adhesion is 

warranted.  In this work, we use a model system that comprises silica (SiOx) beads interacting with 

a substrate made of a commercial polydimethylsiloxane kit (PDMS, Sylgard 184) substrate 

featuring a sinusoidal topography.  To examine the impact of interactions on particle settlement, 

we functionalize the surfaces of both the PDMS substrate and the SiOx beads with polyacrylic acid 

(PAA) and polyethyleneimine (PEI), respectively. We also use the PDMS commercial kit coated 

with liquid glass (LG) to study the effect of the substrate modulus on particle settlement.  

Substrates with a higher aspect ratio (i.e., amplitude/periodicity) encourage adsorption of particles 

along the sides of the channel compared with substrates with lower aspect ratio.  We employ 

colloidal probe microscopy to demonstrate the effect of interaction between the substrate and the 

particle.  Particle settlement on sinusoidally-corrugated substrates is governed by the interplay 

among the surface modulus, geometry, and interactions between the surface and the particle. 
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4.2 Introduction 
 

Understanding the interactions between surfaces and their environment is crucial to the 

performance of paints, waterproof clothing, non-stick cookware, adhesives, anti-glare lenses, and 

other aspects of daily life.  The performance characteristics of substrates can be traced to the 

geometry, chemical composition, and mechanical properties of the surface.  Topographical 

patterns on a surface can contain long-range or short-range order features and can exhibit 

functionalities such as super-hydrophobicity1, anti-fouling properties,2 reversible adhesion,3 and 

wettability characteristics.4,5  Aspects of surface such as the topographical pattern, chemistry, and 

modulus can lead to an increased surface area and anisotropy and may be employed in many 

applications6. 

Understanding non-specific biological fouling is pertinent to improving performance of 

membranes, biomedical devices, and shipping vessels, among others.5–11  In the context of the 

marine environment, fouling caused by barnacle attachment on ship hulls increases drag and 

results in higher fuel consumption12 as well as ecological disruption when species are transported 

by ships over long distances.13  To inhibit adhesion of marine organisms, hulls of ships have long 

been coated with biocidal organometallic compounds, such as tributyltin.  Unfortunately, leaching 

of these compounds into the ocean results in adverse consequences for marine life, which led to 

its widespread ban.14  Alternate strategies to combat fouling in various applications are based on 

using antifouling and foul-release chemistries.15  Increasingly, the focus has been on creating non-

toxic antifouling coatings by taking advantage of surface topographical features16–22 inspired by 

examples found in nature.23–26 

Although the use of nature-inspired surface topography to mitigate biofouling is an 

ongoing area of research, the problem is complex due to the vast array of different shapes and sizes 

as well as chemistries taken by fouling organisms27.  Fouling species vary in size from nm (i.e., 

proteins) to cm (i.e., barnacles or tubeworms).28  This diversity presents a challenge to designing 

a topography-based antifouling surface because the topographical features needed to prevent 

biofouling depend upon the size and shape of settling organisms.  Designing a surface that prevents 

the settlement of organisms over a broad size range requires further study29.  Numerous researchers 

created bioinspired surfaces to generate anti-fouling surfaces.  Lotus leaves, shark skin, and the 

carapace of crabs have all been replicated to attempt to develop a suitable surface to prevent 
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settlement of marine organisms.30–33  Researchers applied the attachment point theory to explain 

the effect of surface topography on preventing settlement.  De Nys et al.34,35 state that relative sizes 

of settling organisms and surface topography affect the number of attachment points between the 

surface and organism, which contributes to the anti-fouling behavior of the surface.  

Formation and behavior of wrinkles on surfaces and their effect on behavior of particles on 

the surface have been studied previously.36 Hierarchical wrinkles i.e. concurrent wrinkles over 

multiple length scales have been created by exposing stretched PDMS to UV light and releasing 

the strain and have been used to fractionate particles based on size.37 Surface topography generated 

by wrinkles has also been used to enable assembly of particles into desired confromations.38 

Research by the Fery group has shown that wrinkled surfaces can direct the arrangement of 

colloidal particles of varying size, surface chemistry and shape.39 However, reliance on wrinkled 

surfaces limits the aspect ratios which can be generated for study. In-silica studies have no such 

limitations. Schoch et al.40–42 employed Monte Carlo simulation schemes to model the settlement 

of spherical particles on model sinusoidal substrates of an array of aspect ratios.  The results 

revealed that particle settlement was minimal when the particle diameter was half the substrate 

wavelength.  The addition of polymeric ‘hairs’ on the surface of the particles increased the 

likelihood of settlement on the surface regardless of substrate geometry because they resulted in 

increased interaction between the particles and substrate.  

In this work, we consider a model system comprising spherical particles and a substrate 

featuring sinusoidal topography (cf. Figure 4.1).  We control the interactions between the settling 

particle and the substrate features by varying the size of the substrate features and the particle, the 

chemistry of the substrate and the particle, and the substrate modulus.  We monitor the effect of 

the parameters mentioned earlier on the location of particles settled on the substrate.  Figure 4.1a 

depicts a spherical particle settling on a sinusoidal substrate.  Figure 4.1b illustrates the effect of 

surface chemistry on particle surface interactions pictorially.  Figure 4.1c displays an optical 

microscope image of the substrate/SiOx particle system, in which the substrate was formed by 3D 

printing of a master mold followed by creating a substrate replica using poly(dimethylsiloxane) 

(PDMS) elastomer (see Appendix A2 for details).  Figure 4.1d shows a three-dimensional (3D) 

surface map of a spherical SiOx particle settling in the valleys of a sinusoidal PDMS surface using 

scanning confocal microscopy.  By visualizing the settlement of particles on sinusoidal surfaces 

using 3D imaging techniques (both appropriately modified), we can quantify the effect of changing 
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surface geometry as well as surface chemistry on the settlement of particles.  We further employ 

colloidal force microscopy (CFM) to quantify the interactions between the surface and the particle 

as a function of changing the surface chemistry and the modulus.  In the sections that follow, we 

will describe the modification of a CFM tip with a spherical particle to probe the surface and 

measure the interactions between surface and particle. 

 

Figure 4.1.   The position of a settling spherical particle depends on interactions with the surface. 

Cartoons in a) and b) show the effect of chemical interactions between surface and particle on the 

position of the particle. c) Optical microscopy image of spherical SiOx particle settling upon 

sinusoidal PDMS channels. Scale bar: 200 μm. d) Laser scanning microscopy image of a particle 

settling in between sinusoidal features.  The colors represent different depths inside the specimen.  

Scale bar: 500 μm. 
 

 

4.3 Materials and Experimental Methods 

 

We 3D printed a series of master molds featuring a sinusoidal surface topography (see Appendix 

A2 for details).  Replicas of each master mold were fabricated using Sylgard 184 

poly(dimethylsiloxane) kit (hereafter referred to as PDMS) using a 10:1 base to curing agent ratio 

followed by an overnight cure at 50˚C.  All subsequent experiments were performed on the PDMS 

replicas.  The geometric parameters of the PDMS substrates are defined by the wavelength (λ) and 

amplitude (A), as shown in Figure 4.2, which define the aspect ratio (AR=A/λ. The 3D printed 

substrates feature AR values of 0.69, 1.0, and 1.13.  To alter the interactions between the substrate 
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and the particles, we activated the PDMS substrate with ultraviolet/ozone (UVO) treatment and 

used layer-by-layer (LbL) deposition of poly(ethylene amine) (PEI) and poly(acrylic acid) (PAA).  

We first exposed the corrugated PDMS replicas to UVO for 20 minutes.  The PEI solution was 20 

mg/mL in ethanol, and the PAA solution was 16 mg/mL in deionized (DI) water, and the pH is 

adjusted from 2.9 to 4.3 using sodium hydroxide (NaOH).  We then immersed the UVO-modified 

PDMS substrates in the PEI solution for 2 minutes, and after removal from the solution we 

annealed the specimens at 70˚C in air.  Subsequently, we immersed the substrates in the PAA 

solution for 2 minutes, removed them from the deposition solution, and annealed them at 70˚C.  

Figure 4.1b displays pictorially the system set up.  

We deposited liquid glass (LG) on the PDMS surface to increase the local surface modulus 

of the substrate to examine its effect on the settlement of the particles.  We first UVO treated the 

PDMS surface for 20 minutes, followed by PEI treatment, as described earlier.  We washed away 

the excess of PEI with ethanol before drying the specimens for 30 minutes at 70˚C.  Drops of a 

solution comprising LG 3.7 weight % in DI water were added to the surface, and the system was 

cured overnight at 70˚C.  Subsequently, the PDMS substrate was UVO treated for another 20 

minutes before we apply the deposition sequence of PEI and PAA layers to functionalize the LG 

surface. We deposited polydisperse silica (SiOx) particles having the radii of 100-150 µm and 200-

250 µm on the substrates (vide infra). We modified the surface of the SiOx beads as follows. We 

cleaned the SiOx beads using a piranha solution and rinse thoroughly with DI water and ethanol. 

We then immersed these SiOx beads in the PEI solution in ethanol for 15 minutes, rinsed with pure 

ethanol, and annealed at 70˚C overnight. We agitated the particle/water mixture using compressed 

air, and the particles settled upon the surfaces by gravity. We used an Olympus BX60 optical 

microscope using the 5x and 20x objectives, as well as the Keyence laser scanning confocal 

microscope using the 20x objective to image the particle-substrate system.  

We employed colloidal probe microscopy (CPM) to study the effect surface chemistry on 

interactions between the SiOx particle and the substrate. CPM probes with pyramidal tips were 

acquired from Asylum Research and were modified such that an unmodified, or PEI-coated SiOx 

particle was attached to the cantilever with a thermoplastic wax adhesive43. These modified tips 

were used to probe flat PDMS and PDMS:UVO/LG substrates, which were chemically modified 

using the processes described above. We employed an Asylum Research MFP-3D AFM 

instrument to obtain a force map 90 µm x 90 µm in area. The surface stiffness of each sample was 
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measured using the spherical tip geometry, and the Hertz model of adhesion. We determined the 

work done to separate the particle from the substrate by measuring the area between the approach 

and retraction curves in the CPM.  

 

4.4 Results and Discussion 

 

We monitored the location of SiOx particles on the corrugated PDMS substrates as a function of 

the surface aspect ratio of the substrate and chemical modification of the substrate and the particles. 

The PDMS surface features a sinusoidal topography, and the SiOx particle is a sphere with a radius 

R. As depicted in Figure 4.2, the origin of the coordinate system is located at the top of the 

sinusoidal curve. Only one half of the wavelength is considered due to the symmetry of the system. 

The curve is described as a function of x (in-plane coordinate) and z (depth coordinate). In this 2D 

projection, the sphere reduces to a circle of the same radius. The center of the sphere (COS) is 

given by the coordinates [x’, z’]. We obtain the x’ and z’ coordinates from images collected by the 

laser scanning microscopy. Details about the methodology used to calculate the COS are provided 

in Appendix A2.  

 

Figure 4.2.   Dimensions of the substrate-particle system. Parameters to consider are amplitude 

(A), wavelength (λ), particle radius (R). The coordinate system used in the analysis is also 

depicted. 

 

In Figures 4.3 and 4.5 we plot the position of the center of the SiOx particle normalized by 

the substrate periodicity (λ). To compare data collected from substrates featuring multiple AR, we 

plot (z’-R/A) versus z’/λ.  The coordinates of the COS of a particle that rests on top of the 

sinusoidal feature appears at the origin are [0,0].  Particles small enough to settle in the bottom of 
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the channel the position will have the COS coordinates [0.5, -1].  The black and blue lines in 

Figure 4.3 and Figure 4.5 serve as a visual guide for the expected location of particles having a 

diameter in the range of 100-150 μm and 200-250 μm on each substrate, respectively.  Figure 

A3.6 in Appendix A2 and the accompanying discussion describe how these lines have been 

calculated.  The symbols depict experimental data.  Table 3.1 lists the attributes systems we 

explored in this study. 

 

Table 4.3. Parameters of systems studied in this work. 

 
 

 

The data in Figure 4.3 describe the settlement of the SiOx particles as a function of changing the 

AR of the PDMS substrate features.  In Figure 4.3a, nearly all particles settle preferentially on the 

bottom of the channel (AR=0.69). Increasing the AR to 1 (Figure 4.3b) causes the larger particles 

to settle in the valley of the substrate while the smaller particles show more dispersion along the 

sides of the channel.  For substrates with AR=0.69 and AR=1, modification of the particle surface 

with PEI causes the smaller particles to settle along the sides of the channel.  The same is true 

when both the substrate and the particles are chemically modified.  Upon increasing the AR to 

1.13 (Figure 4.3c) particles exhibit increased dispersion along the sides of the channel regardless 

of the substrate and particle surface modification.  Thus, as the AR increases, the deviation of 

particles away from the center increases, which means that more particles settle along the sides of 

the sinusoidal features.  Particles of smaller diameter appear to be more sensitive to this effect 

more than larger particles, and surface modification of substrate and particle appears to facilitate 

this behavior.  
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Figure 4.3.   Settlement of silica particles mapped on the PDMS substrate as a function of 

increasing aspect ratio, AR, (A/λ), where A and λ represent the feature amplitude and wavelength, 

respectively: a) AR=0.69, b) AR=1, c) AR=1.13. x’ and z’ describe particle center.  The shaded 

area represents the substrate.  Particle is mapped on axes normalized to λ and A. When (x’,z’) is 

(0,0), the particle is at the top of the sinusoid and when it is (0.5, -1)  the particle is at the bottom 

of the sinusoidal channel.  Symbols represent different surface and particle interactions where 

squares indicate unmodified PDMS surface and particle surface.  Circles indicate the surface of 

PDMS has been modified with PEI. Stars indicate that the PDMS surface has been modified with 

PEI, and particle surface has been modified with PAA.  Refer to Table 3.1 for mapping symbol 

type to system surface chemistries.  The black and blue symbols and lines correspond to the 

settlement of particles with nominal diameters of ~100 μm and ~200 μm, respectively. 

 

We now consider the effect of the substrate modulus on particle settlement. If particles 

settle along the sides of the sinusoidal channel while increasing the AR, they may get trapped in a 

metastable state at the surface due to a compliant substrate.  We observed this phenomenon using 

optical microscopy (cf. Figure 4.4).  Here, we captured images of corrugated substrates with a 

square cross-sectional profile before and after the deposition of SiOx particles.  Figure 4.4a shows 

the parallel features of the corrugations.  Once particles have been introduced, we observed the 

deformation of the features caused by the SiOx particles, as shown in Figure 4.4b.  A cross-

sectional view shown in Figure 4.4c shows the perpendicular sides of the valleys deforming in 

response to the particle settlement.  

 

a) b) c) 
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Figure 4.4.   The deformation of PDMS features by silica (SiOx) particles is shown on corrugated 

surfaces with a square profile using optical microscopy in reflectance mode. a) Surface before 

silica particle deposition shows parallel features. Scale bar: 200 μm.  b) Silica particles once 

deposited cause the features to deform around the particle. Scale bar: 50 μm. c) A cross-sectional 

view of the substrate with particle shows perpendicular features deforming due to the particle. 

Scale bar: 50 μm. 

 

To observe the effect surface modulus on particle settlement, we coat the sinusoidally 

patterned PDMS substrates with a layer comprising LG and carry out the same chemical surface 

modification steps used in Figure 4.3.  Particle deposition and imaging are carried out as before, 

and the results are shown in Figure 4.5, where AR increases from 0.69 (Figure 4.5a) to 1 (Figure 

4.5a), and 1.13 (Figure 4.5c).  In Figure 4.5a, the particles settle to the bottom of the channel.  

Upon increasing the AR to 1 (Figure 4.5b), the SiOx particles are still confined to either the center 

of the channel or close to the center of the channel.  In Figure 4.5c, we observe minimal dispersion 

along the sides of the channel.  Particle settlement remains unchanged despite the increase in AR 

as well as altering interactions between the substrate and the particles.  Thus, the dispersion of 

particles along the surface of the sinusoid appears to be independent of the surface 

functionalization of the SiOx beads as well as the modulus of the PDMS surface.  

 

a) b) c) 
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Figure 4.5.   The settlement of silica particles mapped on the PDMS:UVO substrate coated with 

LG as a function of increasing aspect ratio, AR, where A and λ represent the feature amplitude and 

wavelength, respectively: a) AR=0.69, b) AR=1, c) AR=1.13. x’ and z’ describe particle center.  

The shaded area represents the substrate.  Particles are mapped on axes normalized to λ and A. 

When (x’,z’) is (0,0), the particle is at the top of the sinusoid and when it is (0.5, -1)  the particle 

is at the bottom of the sinusoidal channel.  Symbols represent different surface and particle 

interactions where squares indicate unmodified PDMS/LG surface and particle surface.  Circles 

indicate the surface of PDMS:UVO/LG has been modified with PEI. Stars indicate that 

PDMS:UVO/LG surface has been modified with PEI, and the particle surface has been modified 

with PAA.  Refer to Table 1 for mapping symbol type to system surface chemistries.  The black 

and blue symbols and lines correspond to the settlement of particles with nominal diameters of 

~100 μm and ~200 μm, respectively. 

 

Next, we quantified the effect of surface chemistry on the interactions between the 

substrate and the particles.  We modified an AFM tip by attaching a particle to the end of it and 

used it to probe the interaction with various substrates.  All substrates were flat.  An unmodified 

and PEI-modified SiOx bead was attached to the AFM tips.  The substrates probed include PDMS 

and PDMS:UVO coated with LG.  Both these substrates were functionalized with PAA.  Examples 

of approach and retraction curves of each of the above conditions in the CFM are shown and 

discussed below in Figures 4.6-4.8.  The area between the approach and retraction curves 

represents the work done to separate the particle from the surface (vide infra). We measure the 

surface modulus in each case and plot the values in Figures A2.10 and A2.11. Average moduli 

are reported in Table A2.2. 

Figure 4.6 demonstrates the use of the approach and retraction curves collected by CFM 

to measure interactions between the substrate and the particle without chemical modification.  

Figure 4.6a reports the force corresponding to the approach (black) and retraction (red) of the tip 

modified with SiOx particles as it interacts with the PDMS substrate.  The low modulus of the 

a) b) c) 
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substrate gives rise to a high contact area between the substrate and particle.  This is seen in the 

well of the retraction curve as well as the high area between the curves.  Figure 4.6b shows the 

approach and retraction curves for the LG-coated PDMS:UVO substrate as it is probed by the bare 

SiOx particle.  The higher surface modulus (due to UVO treatment of PDMS) reduces the area of 

contact between the substrate and the particle.37  The lack of separation between the approach and 

retraction curves indicates that upon separation of the two surfaces, the interactions between the 

two surfaces are weak (see inset to Figure 4.6b).  

 

Figure 4.6.   Force resulting from interactions between unfunctionalized substrates and particles 

measured using AFM.  a) Approach (black data) and retrace (red data) when a spherical SiOx 

particle is used to probe a PDMS surface.  b) Approach and retrace data for PDMS:UVO surface 

coated with LG and probed with a spherical SiOx particle.   

 

Figure 4.7a plots the force between the PDMS:UVO surface modified with PAA and an 

unmodified SiOx particle.  Figure 4.7b plots data corresponding to the LG-coated PDMS:UVO 

substrate modified with PAA indented with an AFM tip modified with a SiOx sphere.  Because the 

PDMS:UVO substrate has a lower modulus than the PDMS:UVO/LG one, the contact area 

between the particle and substrate is higher in the former case, and it gives rise to a large contact 

area between the substrate and the particle. Thus, more work needs to be done to separate the 

particle from the LG-free substrate.  Due to the increased modulus of the LG coating results in the 

a) b) 
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decreased contact area between the particle and the substrate, thus resulting in weaker adhesion 

(see inset to Figure 4.7b).  

 

Figure 4.7.   Force resulting from interactions between PAA-functionalized substrates and 

unfunctionalized particles.  a) Approach (black data) and retrace (red data) when a spherical SiOx 

particle is used to probe a PDMS surface modified with the PAA surface.  b) Approach and retrace 

data for PDMS surface coated with LG, functionalized with PAA probed with a spherical SiOx 

particle.   

 

Figure 4.8 displays data depicting the interaction in systems where both the substrate and 

the SiOx particle surfaces have been functionalized by PAA and PEI, respectively.  In Figure 4.8a, 

we plot the results corresponding to interactions between PDMS:UVO substrate modified with a 

PAA layer and a particle modified with PEI coating.  The work needed to separate the particle 

from the surface is lower compared to the unmodified PDMS case (cf. Figure 4.6) due to a lower 

contact area between the particle and the substrate.  We attribute this to an increase in surface 

modulus of the PDMS:UVO/PAA substrate relative to the unmodified PDMS support due to the 

UVO treatment step in the chemical modification process.  In Figure 4.8b, the addition of the LG 

layer increases the surface modulus compared to PDMS.  In this case, the approach and retraction 

curves show a relatively large separation between the curves as the tip retracts from the surface.  

Figure 4.8c depicts the interactions between the polymer coatings on the substrate and the particle.  

When the probe is in contact with the surface, the polymer chains on both the substrate and the 

particle are interacting via hydrogen bonding or electrostatic interactions, resulting in increased 
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interactions between the two surfaces.  As the probe begins to retract from the surface, the 

interactions between the surfaces remain in place up to a certain point, at which the polymer chains 

on the two surfaces disengage, and the interactions cease.  

 

Figure 4.8.   AFM traces of interactions between PAA-functionalized substrates and PEI- SiOx 

particles.  a) Approach (black data) and retrace (red data) when a particle probes a PDMS surface 

modified with PAA.  b) Approach and retrace data for PDMS coated with LG and functionalized 

with PAA.  c) The effect of functionalization on the interactions between the surfaces.  Red 

represents PEI, and green represents PAA. Red and green clouds depict the interactions between 

the PAA and PEI layers. 

 

We evaluate the area between the approach and retractions curves for the three samples 

shown in Figures 4.6-4.8 and report it in Figure 4.9 as the work (W) done to separate the particle 

from the substrate.  Figure 4.9a displays the change in the work of separation between PDMS 

substrates and SiOx particles as a function of chemical modification, which has been described in 

the experimental section. The data indicate that W depends on both the chemical nature of the 

substrate and the contact area between the particle and the substrate. W for the PDMS/SiOx system 

is the highest among all cases studied primarily because of a large contact area between the 

a) b) 

c) 

Indentation depth (μm) Indentation depth (μm) 

F
o

rc
e 

(μ
N

) 



91 
 

substrate and the probing particle.  We attribute the decrease in W after treating the PDMS with 

UVO to hardening the substrate and thus decreasing the number of interactions between the 

substrate and the particle.  Surprisingly, PDMS:UVO substrates coated with PEI/PAA exhibit 

higher adhesion when interacting with bare SiOx particles relative to the SiOx particles coated with 

the PEI overcoat.  While the values are within experimental error, we expected to detect the 

opposite behavior.  One possible source of error is the large scatter in adhesion data (see Figure 

A2.12 in Appendix A2).  We attribute this to inhomogeneities in the PEI/PAA layer on the 

PDMS:UVO substrate.  The quality of the film in layer-by-layer (LbL) deposition depends on the 

interaction strength between the substrate and the first deposited layer44.  Often multiple bilayers 

need to be deposited before a well-defined film is formed.  We only used one bilayer in our work.  

We speculate that the PEI film did not attach strongly and uniformly to the PDMS:UVO substrate 

giving rise to an inhomogeneous PEI primer, which, in turn, influenced the poor quality of the 

PAA overcoat layer (see Figure A2.12 in Appendix A2). 

  Depositing LG on top of the PDMS substrate hardens the substrate and decreases the area 

of contact between the substrate and the particle.  This leads to a substantial decrease in W relative 

to the PDMS/SiOx particle case.  Figure 4.9b plots W between LG coated substrates and SiOx 

particles as a function of particle chemical modification.  The value of W for the interaction 

between the bare SiOx particle and PDMS:UVO/PEI/LG and PDMS:UVO/PEI/LG/PEI/PAA is 

very similar.  However, the adhesion strength between the PDMS:UVO/PEI/LG/PEI/PAA 

substrate and the PEI-coated SiOx particle is high.  We attribute this result to strong adhesion 

between the PAA surface layer and the PEI coating on the SiOx particle.  The AFM maps presented 

in Figure A2.13 (in Appendix A2) support this notion.  In this case, the adhesion between the 

particle and the substrate is dictated primarily by the strength of the interaction rather than the 

number of contacts. Additionally, we observe that the adhesion strength in the PDMS:UVO 

surface-functionalized with PAA is lower than that of the LG counterpart when probed by the PEI-

functionalized SiOx particle but within experimental error. We speculate that this could be due to 

inhomogeneities in the chemical functionalization of the substrate as described previously, or 

instability of chemical functionalization of the particle. It is possible that the surface chemical 

coating degrades throughout repeated AFM scans. Consequently, interactions between the probe 

and substrate could be reduced. 
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Figure 4.9.   Calculated work done to separate the substrates and particle as a function of chemical 

modification and surface modification. a) PDMS substrate probed by SiOx particle; b) PDMS 

substrate coated with LG probed by SiOx particle. Experimental conditions represented by the 

symbols are as follows: PDMS-SiOx (), PDMS:UVO/PAA-SiOx (), PDMS:UVO/PAA-

SiOx/PEI (), PDMS:UVO/PEI/LG- SiOx (), PDMS:UVO/PEI/LG/PAA-SiOx (), 

PDMS:UVO/PEI/LG/PAA-SiOx/PEI (). Error bars represent the standard deviations.  

 

4.5 Conclusion 
 

We considered the settlement of SiOx particles on topographically corrugated substrates.  We 

studied attributes of the topographically corrugated surface, such as the height (A) and periodicity 

( ) of sinusoidally-corrugated substrate features, substrate modulus, as well as the effect of 

chemical interactions between the substrate and the probing particle using optical and laser 

scanning microscopy, and colloidal probe microscopy. We fabricated PDMS substrates with a 

variable aspect ratio (AR=A/ ) and studied the settlement of SiOx beads onto such substrate from 

aqueous solutions.  We further functionalized the surface of the PDMS substrate with PEI and 

PAA, and the surface of the particle with PEI to comprehend the impact of inter-surface 

interactions on settlement patterns.  We also modified the PDMS surface with liquid glass (which 

was further functionalized using PEI and PAA) to understand how surface modulus impacts 

particle settlement.  We employed colloidal probe microscopy to characterize interactions between 

the surface and particle and found that settlement of particles depends on numerous factors.  Higher 
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AR features encouraged settlement of particles along the sides of the channel compared with 

substrates with lower aspect ratio.  However, we only observed this effect in compliant PDMS 

substrates.  This suggests that substrate modulus played a role in whether the particles were 

confined to the channels or are dispersed along the sides of the channels.  We quantified 

interactions between the surface and particle as a function of surface modulus and chemical 

modification using a spherically modified AFM tip.  These data showed that when the substrate 

modulus was low (i.e., PDMS), the particle settlement was affected by the contact area between 

the particle and the substrate.  Upon increasing the substrate modulus, the particle settlement on 

the substrate is governed by the interactions between the substrate and the particle.  The results 

suggest that particle settlement on the substrate involves a complex interplay between the particle 

size and chemistry and the surface chemistry, geometry, and surface modulus of the substrate.  
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Chapter 5 - Fabrication of stimuli-responsive surface topography with tunable dimensions 

comprising an elastomer-hydrogel bilayer 
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5.1 Abstract 
 

Hydrogels are essential for many biomedical purposes as their flexibility and biocompatibility 

make them ideal candidates for these applications.  Yet their low modulus presents a drawback. 

We can overcome this shortcoming and endow a hydrogel with other functionalities by creating 

composite materials comprising the hydrogel and another material such as an elastomer. In this 

work, we investigate two different methods for the creation of elastomer-hydrogel bilayer 

composites. First, we present the use of an ultra-violet (UV) active interfacial layer comprising 

benzophenone silane (BP-Si) to covalently bond the elastomer and hydrogel layers, thereby 

creating an elastomer-hydrogel bilayer laminate. The elastomer layer features a 

poly(dimethylsiloxane) (PDMS) patterned with sinusoidal surface topography. The hydrogel layer 

comprises dimethylaminoethyl methacrylate (DMAEMA) copolymerized with UV-active 

methylacrylyloxybenzophenone (MABP). We also explore the fabrication of an elastomer-

hydrogel bilayer using a mixture of thermally active 6-azidosulfonylhexyltriethoxysilane (6-

ASHTES) and poly(vinylpyrrolidone) (PVP) mixture. The 6-ASHTES molecule acts as the 

surface-anchor as well as the crosslinker for the PVP gel. We characterize the degree of 

crosslinking and swelling behavior of the bilayer gels generated via UV-active and thermally 

active mechanisms. Once we establish an optimal cure to achieve the desired network properties, 

such as gel fraction and swelling ratio, we create a bilayer composite where a topography patterned 

on a PDMS substrate can be changed in real-time by using the swelling behavior of the hydrogel. 

By exposing the sample to methanol, we can swell the hydrogel layer and change the dimensions 

of the surface features. By evaporating methanol, the topography returns to its original dimensions. 

We also demonstrate the versatility of this elastomer-hydrogel bilayer framework by showing its 

efficacy on a poly(ethylene terephthalate) (PET) and a polyurethane (PU) substrate.   
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5.2 Introduction 
 

Hydrogels are used in many biomedical applications such as biosensors and drug delivery due to 

their flexibility and biocompatibility.1–4 Naturally-occurring examples of hydrogel surfaces can 

display super-wettability and specific adhesion behavior with applications in oil-water separation 

or developing low friction surfaces.5 They can also be endowed with anisotropic properties by 

introducing patterns on the surface.5 Properties of the hydrogel network, such as dynamic covalent 

bonds, can be used to provide other unique characteristics, such as self-healing, shape memory, 

and tunable stimuli-induced changes in stiffness.6,7 Combining an elastomer with a soft hydrogel 

in an interpenetrating network can result in a material with improved mechanical properties.8 

Properties, such as hydrogel adhesion and fracture, depend on the interface between the two 

components.9 For example, covalent and reversible hydrogel-metal bonding is achieved using a 

linker molecule that reversibly links the metal and methacrylic group in the hydrogel, and 

crosslinks the hydrogel network.10 Other examples of composites include a leaf-inspired steam 

sensor comprising a PNIPAm hydrogel reinforced with cellulose to improve mechanical properties 

where clay is used to bind the two components by forming a double network structure at the 

surface.11  

Two distinct hydrogels can be combined in a bilayer structure. For example, a bilayer 

composite consisting of a copolymer of N-isopropyl acrylamide and acrylic acid (P(NIPAm-AAc)) 

and poly(ethylene oxide diacrylate) (PEODA) was created where the two components swell in 

solvents at different pH and induce bending in the structure.12 This difference in swelling behaviors 

can be used to create structures that can transition from flat 2D structures to complex 3D 

structures.13 Stimuli-responsive hydrogels on a surface can also be used to create surfaces that can 

be used to culture Escherichia coli and facilitate chemical signaling.14 Developing a robust 

elastomer-hydrogel bilayer composite can be useful in many applications such as synthetic 

biomaterials, stretchable electronics, and actuators.15 Robustness of a hydrogel-elastomer 

composite depends on the mechanism of the interfacial adhesion. A hydrogel-elastomer matrix 

with melanin embedded can mimic skin and be used as an ultra-violet (UV) index meter and 

dopamine sensor.1 Micellar structures comprising PDMAEMA and PDMS are used in drug 

delivery applications.16 Other materials, such as glass fibers, have been employed to act as a 

compatibilizer to bond PDMS with a hydrogel (e.g., polyampholyte gel).17 A PDMS-
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polyacrylamide (PAAm) bilayer composite can be fabricated by plasma-treating the PDMS and 

printing the PAAm on top.18,19 This technology could be used in the development of stretchable 

electronics. Other composites can be made by mechanical interlocking of the elastomer and 

hydrogel components20 or by covalently bonding the composite through a UV-active interfacial 

layer such as benzophenone (BP).21  

Previous work has focused on the synthesis and characterization of surface-anchored 

hydrophilic polymer hydrogels on flat silicon substrates. These hydrophilic brushes swell in the 

presence of water, and alcohols.22 Humidity influences the swelling of a surface-attached PNIPAm 

network.23 Zwitterionic networks comprising betainized PDMAEMA and 

poly(glycidylmethacrylate) (PGMA) attached to a polystyrene (PS) substrate can display 

resistance to protein adsorption.24 Surface-attached hydrogel networks have been synthesized 

using a one-pot thermally activated method.25 In addition, gradients of UV-crosslinked and 

thermally-crosslinked networks have been synthesized on the same surface in orthogonal 

directions.26 Collaborators have used UV-crosslinked hydrogels to create a surface patterned with 

holes created using a UV-active polymer. Resulting hole size can be tuned in real-time by swelling 

and deswelling the surface in the presence of ethanol and water.27 

In this work, we present two different platforms for using an elastomer-hydrogel bilayer to 

create a tunable, stimuli-responsive surface topography, where the feature dimensions can be tuned 

by swelling and deswelling in a solvent, depicted in Figure 5.1. First, a patterned elastomer layer 

is used as a support for the hydrogel layer. The solvent-induced swelling of the hydrogel layer atop 

the topographically-corrugated PDMS substrate will allow for tunable feature sizes in response to 

stimuli. We use a UV-active interfacial layer comprising BP-Si to covalently bond the hydrogel to 

the elastomer surface. The hydrogel used is a copolymer of 92.5% by mole DMAEMA and 7.5% 

by mole MABP  and is bound to the elastomer layer using UV-crosslinking. We perform additional 

characterization such as gel fraction and swelling ratio measurements of a hydrogel copolymer, 

which comprises 90% DMAEMA and 10% MABP. Using the swelling behavior of the 

P(DMAEMA-co-7.5%MABP) network, we can change the surface profile of a bilayer surface 

patterned with microwells (cf. Figure 5.1a) as well as alter the dimensions of a sample patterned 

with a sinusoidal surface topography (cf. Figure 5.1b). Grey and green represent the PDMS and 

the P(DMAEMA-co-7.5%MABP) components of the bilayer, respectively. The left side of the 
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image in Figures 5.1a and 5.1b depicts the composite where the hydrogel layer is in the dry state, 

and the structure has a defined geometry. By swelling the hydrogel in methanol, we can generate 

a new topography with a modified geometry, which is shown on the right side of the images in 

Figures 5.1a and 5.1b, respectively. The swelling properties of the hydrogel allow us to change 

the height of the microwells and the amplitude of the sinusoidal features.  

The second approach is using the previously mentioned thermally active one-pot synthesis 

method for forming a network comprising PVP and 10% 6-ASHTES. Upon annealing at 140°C, 

the PVP+10% 6-ASHTES mixture forms the hydrogel component of the elastomer-bilayer 

structure. Here, we deposit the thermally crosslinked hydrogel network inside a PDMS well and 

anchor it to the PDMS substrate. Swelling and deswelling of the gel upon exposure to methanol 

will change the diameter of the pore (cf. Figure 5.1c). Blue represents the PVP+10% 6-ASHTES 

hydrogel, and grey represents the PDMS gel. Figure 5.1c depicts the dimensions of the pore in a 

dry state. As the sample is exposed to methanol, the hydrogel swells resulting in a decrease in pore 

diameter.  
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Figure 5.1. Stimuli-responsive surface topography comprising an elastomer-hydrogel bilayer. 

Geometry changes upon swelling with methanol. Bilayers comprising UV-active P(DMAEMA-

co-7.5%MABP) (green) and PDMS (grey) on substrates patterned with a) microwells b) sinusoidal 

topography. Bilayer comprising thermally crosslinked PVP+10% 6-ASHTES (blue) and PDMS 

(grey) patterned with c) pores. 

 

Finally, this hydrogel bilayer framework can be extended to forming a composite with non-

elastomeric polymer substrates such as poly(ethylene terephthalate) (PET) and polyurethane (PU). 

PET is commonly employed in packaging, made into fibers, and used in membranes and filters.28 

Thermoplastic PU is also used similarly and in biomedical applications.29 The ability to impart 

surface topography to these materials and tune its dimensions in response to solvent exposure 

could endow additional functionalities to these materials.  

 

5.3 Materials and Methods 
 

A UV active elastomer-hydrogel bilayer structure was created, comprising a PDMS base with a 

thin hydrogel layer on top covalently bonded by BP silane (BP-Si), as shown in Figure 5.2a. The 

elastomer layer was created by mixing 10:1 base to curing agent ratio of Sylgard 184 (a commercial 

PDMS kit). It was degassed and poured over a silicon wafer patterned with a microwell pattern 

consisting of wells measuring 400 μm in diameter. The patterned wafer was fabricated using 
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conventional photolithography. Similarly, a substrate patterned with sinusoidal surface topography 

is fabricated where the amplitude of the features was 350 μm, and periodicity is 500 μm, and 

PDMS is poured over it. The PDMS base was cured at 70˚C overnight and demolded from the 

substrates. This protocol has been described in our previous work.30 After curing, any unreacted 

material from the PDMS sample was extracted overnight using toluene, and the sample was 

allowed to air dry. The specimen was then ultra-violet ozone (UVO) treated for 15 minutes to 

activate the hydroxyl radicals on the surface. A solution of BP-Si in toluene is drop-cast onto the 

PDMS substrate, followed by annealing at 120˚C for 2 hours. This methodology is illustrated in 

Figure 5.2a. The hydrogel was a copolymer of DMAEMA and MABP, P(DMAEMA-co-MABP). 

For swelling and gel fraction characterizations, we used copolymers with two different 

concentrations of MABP: 7.5% and 10% to vary the crosslink density. All bilayer experiments 

were performed using a 7.5%MABP concentration in the copolymer. Approximately 18 mg/mL 

solution of P(DMAEMA-co-7.5%MABP) was methanol was carefully drop-cast onto the prepared 

PDMS substrate after BP-Si annealing. After evaporating solvent, the sample was irradiated at 354 

nm UV light (UV dosage = 2 mW/cm2) and cured at various durations. The UV-active 

benzophenone groups in both the interfacial layer and the hydrogel were activated to 

simultaneously crosslink the hydrogel network and covalently attach the hydrogel to the PDMS 

surface hydroxyl groups. Thus, we constructed the patterned elastomer-hydrogel bilayer using this 

method and used the swelling and deswelling behavior of the hydrogel to change the dimensions 

of the composite material’s surface pattern. The mechanical properties of the hydrogel were also 

characterized and are presented in Appendix A3. 

A bilayer structure was also fabricated using a thermally crosslinked hydrogel material. 

PDMS substrate was prepared as described above. On toluene-extracted PDMS, which was UVO 

treated for 15 minutes, we drop cast 15-20 μL of a 20 mg/mL solution of PVP+10% 6-ASHTES 

in methanol. The sample was then placed in a heating chamber at 140˚C for 8 hours up to overnight. 

This is illustrated in Figure 5.2b. The sample was retrieved from the oven and extracted overnight 

in methanol. The result was a covalently bonded bilayer of PDMS elastomer and a PVP hydrogel 

network. This methodology was used on a PDMS substrate patterned with pores measuring 

approximately 1.4 mm in diameter. A PDMS substrate patterned with pores was prepared 

according to the procedure described above. Hydrogel solution was carefully pipetted into the 
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pores and allowed to cure such that the hydrogel was present on all interior surfaces of the pore. 

The cured sample was subsequently extracted in methanol to remove unreacted hydrogel material.  

The patterned bilayer samples containing both UV-active and thermally active hydrogels 

were imaged in the swollen and dry states using the Keyence Laser Confocal Scanning 

Microscope. Three-dimensional surface maps of the structures were obtained. We placed the 

samples in methanol to swell the hydrogel and dry them overnight at room temperature and 

recorded images of the samples in both swollen and dry state to illustrate the change in dimensions 

due to swelling. 
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Figure 5.2. Mechanism illustrating the constituent parts and the formation of the bilayer using a) 

UV-active P(DMAEMA-co-7.5%MABP) anchored by BP-Si and b) thermally active PVP+10%6-

ASHTES where 6-ASHTES acts as the surface-anchor and the crosslinker.  

 

Finally, the versatility of the elastomer-hydrogel bilayer structure was demonstrated by 

replacing PDMS with other substrates such as PET and PU. The texture was imparted to the surface 

of the PET samples using sandpaper, and they were sonicated in ethanol for 2 hours. To create the 

bilayer with a UV-active hydrogel, 20 μL of 10 mg/mL solution of P(DMAEMA-co-7.5%MABP) 

in methanol was drop cast on the PET surface and allowed to dry. The sample was placed in the 
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UV chamber for 35 minutes and is exposed to UV light at 354 nm. The length of cure time was 

determined from swelling studies, which are discussed below. To create a bilayer with a thermally 

active gel, 20 μL of 20mg/mL solution of PVP+6-ASHTES in methanol was drop cast on the PET 

surface. The sample was placed in a 140˚C oven for 8 hours. Both bilayer samples were extracted 

in methanol overnight and imaged in the swollen and dry states. PU is cleaned similarly, and a 

pattern is embossed on it using heat-treatment. UV-active gel is deposited onto the surface and 

cured. Optical microscopy images are obtained of the bilayer in the swelled and dry states. 

Thermally active gel was not used to create a bilayer as the elevated temperature required to cure 

the gel would cause the PU layer to melt and degrade the composite.  

We characterized the resulting bi-layer composite as follows. Gel fraction of the hydrogel 

is calculated by extracting the cured hydrogel in methanol overnight to remove any unreacted 

material as the sol fraction. The remaining material is called the gel fraction. The percentage of 

gel fraction is calculated using Equation 5.1, where Wo is the initial dry mass of the gel, and Wg 

is the dry mass of the gel after extraction.  

Gel fraction =  
Wg

Wo
        (5.1) 

The swelling of the hydrogel is elucidated by measuring the change in mass due to the swelling of 

the hydrogel in methanol. The hydrogel is cured at varying times and is swelled in methanol 

overnight. Excess methanol is removed, and the mass of the swollen hydrogel is recorded. The 

sample is then air-dried in a fume hood overnight, and the dry mass of the hydrogel is calculated. 

The swelling ratio is then given by Equation 5.2 where W2 is the mass of the swollen gel, and W1 

is the dry mass of the gel.  

Swelling ratio =
W2

W1
        (5.2)  

Residual unabsorbed methanol left on the hydrogel sample can result in variations in the measured 

swelling ratio and thus be a source of measurement error. We also discuss the relationship between 

the mass change of the gel due to swelling and the change in the thickness of the hydrogel layer 

on a flat PDMS substrate in Appendix A3. The UV-active elastomer-hydrogel bilayer is cured at 

35 minutes, and the thermally active bilayer is cured at 8 hours. Both samples are subsequently 

imaged.  
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5.4 Results and discussion 
 

Gel fraction and swelling behavior of the P(DMAEMA-co-y%MABP) polymer of two different 

MABP (i.e., y = 7.5% and 10.0 %) concentrations are characterized as a function of the UV dose. 

The samples are UV-cured under a 354 nm UV lamp at various doses. Gel fractions and swelling 

ratios are calculated using Equations 5.1 and 5.2, respectively, and are shown in Figure 5.3. 

Figure 5.3a shows the change in the gel fraction of the hydrogel as a function of increasing UV 

dose. The gel fraction increases with increasing UV dose and MABP content. Specifically, the 

sample with 10%MABP fraction displays a rapid increase in the gel fraction as UV dose increases 

before reaching a maximum value. When MABP content is lowered to 7.5%, the rate of increase 

in gel fraction is lower before reaching a maximum amount. The trends in both are the same. There 

is an initial increase, followed by a plateau. Similar behavior is shown from swelling 

measurements shown in Figure 3b. Swelling ratios of the hydrogel at various UV doses are shown. 

Here, as the UV dose increases, the swelling ratio decreases before a plateau is reached. At the 

same UV dose, the 10% MABP fraction displays a lower swelling ratio compared to the 7.5% 

MABP fraction.  The swelling ratio, in this case, is calculated per Equation 5.2 to identify the 

optimal UV dose for the preparation of samples. Optimal cure time is determined to be 35 minutes 

due to the plateau in swelling behavior reached. We relate the swelling ratio presented in Figure 

3b to a change in the thickness of the hydrogel layer as a function of swelling in Appendix A3. 

These results indicate that higher MABP fraction leads to a more rapid formation of the hydrogel 

network before reaching an equilibrium value.  
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Figure 5.3. a) Gel fraction and b) swelling ratio calculated for different concentrations of MABP 

at varying UV doses.   

 

 We use the swelling behavior of the hydrogel material to modify the feature dimensions of 

the surface pattern. First, we consider a PDMS substrate with a patterned with circular microwells. 

In the dry state, the microwells have a diameter of 400 μm and a depth of 50 μm. 18 mg/mL 

solution of P(DMAEMA-co-7.5%MABP) in methanol is applied according to the procedure 

described above. Cured hydrogel network is extracted in methanol and dried. Methanol is added 

to the surface of these samples to induce swelling of the hydrogel. Three-dimensional surface 

profiles are acquired using the Keyence Laser Scanning Profilometer in swollen and dried states, 

and the change in dimensions is reported in Figure 5.4. Figures 5.4a-c shows the change in the 

height of the microwell structures. Figure 5.4a shows the surface profile after the hydrogel is 

cured. The layer of hydrogel appears even and uniform on the PDMS surface. As the gel swells in 

methanol, it expands in volume. Figure 5.4b depicts the height difference between the bottom of 

the well and top surface of the substrate changing as the hydrogel inside the microwell fills the 

feature. As the sample is dried, the hydrogel collapses as the original dimensions of the substrate 

pattern are attained, as shown in Figure 5.4c. However, the hydrogel does not return in its original 

state. There are non-uniformities observed as the gel collapses. Experiments were performed to 

examine the effect of charge on swelling of the hydrogel. De-ionized water (DIW) where pH was 

lowered to 3.5 was used to swell the gel layer deposited on a flat PDMS substrate. We observe a 

change in thickness of the hydrogel layer from 110 μm to 168 μm yielding a linear swelling ratio 
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of approximately 1.5. Similar swelling experiments are done using methanol and are shown in 

Appendix A3. They show that methanol swells the gel more than low pH DIW. We provide the 

calculation in Appendix A3. 

 

Figure 5.4. Change in microwell height as a function of swelling and de-swelling. a) PDMS-

P(DMAEMAco-7.5%MABP) bilayer in the dry state. b) PDMS-P(DMAEMA-co-7.5%MABP) 

bilayer after swelling in methanol. c) PDMS- P(DMAEMA-co-7.5%MABP) bilayer after de-

swelling. d) Change in microwell height as a function of swelling and de-swelling. Scale bar = 400 

μm 

 

A similar experiment is performed where the underlying PDMS layer has been patterned 

with a sinusoidal surface geometry in a similar manner to the samples described in Chapter 4 of 

this Dissertation. In its original state, the dimensions of the sinusoidal substrate features are as 

follows. The amplitude is measured to be 350 μm, and the periodicity is 500 μm.  Hydrogel 

solution is deposited on the substrate according to the procedure described above and extracted in 

methanol. Images of the composite samples are acquired in the dry state before swelling (cf. Figure 

5.5a), and after swelling (cf. Figure 5.5b) states and the change in dimensions of the sinusoidal 

features is recorded. The sample is dried after swelling and is imaged (cf. Figure 5.5c). When the 

hydrogel is swollen, the amplitude of the sinusoidal feature reduces from 350 μm to ~35 μm. As 
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the samples are de-swollen, the amplitude increases to its original value. Change in dimensions is 

depicted in Figure 5.5d. The hydrogel in its swollen state does not fill the valleys of the sinusoidal 

feature evenly. The large surface area may lead to non-uniform coverage by the hydrogel layer, 

thus resulting in the non-uniform swelling behavior. In addition, the slope in the sides of the valleys 

could result in non-uniform UV irradiation of the surface leading to an imperfect attachment 

between the hydrogel and PDMS layers and uneven degrees of crosslinking of the network, 

resulting in different swelling ratios.   

 

Figure 5.5. Change in dimensions of sinusoidal topography as a function of swelling in methanol. 

a) P(DMAEMA-co-7.5%MABP) bilayer in a dry state. b) PDMS- P(DMAEMA-co-7.5%MABP) 

bilayer after swelling in methanol. c) change in sinusoidal amplitude as a function of swelling and 

de-swelling. Scale bars = 500 μm 

 

Figures 4 and 5 demonstrate that surface topographical feature sizes can be tuned based on 

a bilayer composite architecture with different swelling responses between the two layers. To 

further investigate the system, we performed additional experiments to construct an elastomer-

hydrogel bilayer where the hydrogel component is UV-crosslinked under several conditions to 

elucidate the mechanism of covalent bonding. We began with a composite of elastomer and 

hydrogel with no interfacial layer covalently binding the two materials. Upon UV curing of the 
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hydrogel, the hydrogel layer and PDMS layer delaminated easily without any solvent. Images 

depicting the delamination are provided in Appendix A3. To investigate the effect of a purely 

physical entanglement on the interfacial strength, we mixed the hydrogel into the uncured PDMS 

mixture before thermally curing the PDMS followed by UV-curing the hydrogel. The goal was to 

physically entangle the cured polymers with each other to create a physical interfacial bond. 

However, due to the chemical dissimilarity of the polymers, the bilayer easily delaminated. We 

subsequently performed experiments using BP silane as an interfacial layer to determine its 

efficacy. First, we drop cast the BP silane solution on a PDMS substrate with no UVO treatment. 

The sample was annealed as described above, and the hydrogel bilayer was fabricated. However, 

this bilayer delaminated as well. In the absence of UVO treatment, the hydroxyl groups were not 

formed on the PDMS surface, thereby preventing the BP silane from covalently bonding the two 

layers and forming a stable interface. These experiments reveal that the PDMS elastomer and 

hydrogel layers cannot form a stable bilayer absent a covalent bond between the two layers. We 

can successfully create a bilayer structure because of covalent bonds between the elastomer and 

the hydrogel facilitated by the BP-Si, which is covalently anchored to the UVO-treated PDMS 

surface. It is covalently attached to the PDMS base layer, where hydroxyl groups have been 

generated by UVO treatment. Upon exposure to UV light, the benzophenone present in the BP-Si 

is activated, which covalently anchors the hydrogel network and simultaneously crosslinks the 

hydrogel with the BP moieties in the hydrogel. When the bilayer sample is placed in methanol to 

swell the hydrogel layer, delamination does not occur. The two components of the bilayer can be 

swollen in different solvents and induce bending in the structure. This has been demonstrated in 

Appendix A3.  

To describe the robustness of the bilayer composite, we performed repeatability studies on 

the hydrogel-elastomer components by cycling the sample between swollen and dried states. The 

hydrogel layer shows evidence of delamination and uneven coverage from optical microscopy 

images that are presented in Figure 5.6, which depicts the repeatability of swelling and de-swelling 

the UV-active hydrogel layer in methanol. Figure 5.6a depicts the hydrogel layer before 

extraction, and it is found to be uniformly deposited on the elastomer. Immersing the sample in 

methanol results in swelling of the layer, which is shown in Figure 5.6b. As the sample is dried, 

we see that the hydrogel does not collapse back into its original state and results in non-uniformities 

on the surface, as seen in Figure 5.6c. This cycle is repeated, and the results are shown in Figures 
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5.6d-e. Each swelling/de-swelling cycle results in further non-uniformities and localized 

delamination of the bilayer. It indicates that the interfacial layer is less robust under repeated 

swelling and deswelling conditions. One reason could be that there is not a sufficient amount of 

BP-Si on the surface of the PDMS, to fully attach the PDMS and P(DMAEMAco-7.5%MABP) 

layers. It could result in an insufficient number of covalent bonds that link the two components of 

the bilayer, which, in turn, would increase the susceptibility of the interface to detachment upon 

swelling by the solvent. The swelling of the hydrogel by the solvent introduces osmotic pressure 

resulting in stretching of the polymer chains. It imposes a tensile strain on the interfacial layer, 

which can contribute to the de-grafting of the hydrogel layer. A low number of bonds at the 

interface increases the probability that the imposed strain will lead to localized delamination. 

 

Figure 5.6. Swelling and de-swelling cycles for P(DMAEMA-co-7.5%MABP) showing the 

surface of the bilayer. Images shown indicate (a)-(c) the first cycle of swelling and deswelling of 

hydrogel layer and (d)-(f) second cycle of swelling and de-swelling. Scale bar = 400 μm 

 

The robustness and stability bilayer comprising PDMS and a UV-active hydrogel is 

dependent upon the surface coverage achieved by BP-Si on the PDMS surface. Surface 

modification of PDMS with BP-Si is characterized by the water contact angle.  These data are 

shown in Figure 5.7. We show that when the surface is treated with UVO, its wettability increases, 
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and contact angle decreases, relative to PDMS, indicating the presence of activated hydroxyl 

groups on the surface. Then, BP-Si is added and annealed according to the protocol described 

above. Unbound silane is removed by washing with toluene. Subsequent contact angle 

measurements indicate that the value increases but is still lower than unmodified PDMS. The error 

bar indicates scatter in the BP-Si-modified PDMS contact angle data. These results can be 

explained by uneven surface coverage of BP-Si on the PDMS substrate. Optimization of the system 

to enable more even surface coverage of the PDMS with BP-Si could improve the robustness of 

the bilayer structure seen in Figure 5.6. 

 

Figure 5.7. Change in surface contact angle as a function of BP-Si deposition 

 

There are also geometric limitations to using a UV-active hydrogel material and interfacial 

layer to create a hydrogel-elastomer bilayer on a patterned substrate. When a PDMS surface pattern 

comprises surfaces that are parallel to the direction of the UV light, BP silane, and hydrogel present 

on those surfaces will be minimally crosslinked due to the lack of exposure to UV light. If such 

parallel surfaces comprise a large fraction of the surface pattern, the crosslinking of the hydrogel 

and the interfacial bonding between the hydrogel and elastomer layers will be weak, causing the 

interface to fail, and the layers to delaminate. One approach to circumvent this limitation is to use 

a hydrogel that uses a thermally activated crosslinking mechanism. Thermal crosslinking is 
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independent of directionality as the heat is applied uniformly across the substrate. To demonstrate 

an elastomer-hydrogel with a thermally activated hydrogel component, we use a mixture of 

PVP+10% 6-ASHTES. 6-ASHTES acts both as the crosslinker for the PVP network as well as the 

interfacial linker between the PDMS and PVP, as illustrated by Figure 5.2b. Gel fraction and 

swelling ratio of the PVP+10% 6-ASHTES network are calculated using Equations 5.1 and 5.2, 

respectively, and are shown in Figure 5.8. Figure 5.8a shows the change in the gel fraction of the 

hydrogel as a function of increasing cure time. Gel fraction increases with increasing cure time. A 

Similar trend is observed from swelling measurements, as shown in Figure 5.8b. The swelling 

ratio decreases with increasing curing time.  

 

Figure 5.8. a) Gel fraction and b) swelling ratio calculated for PVP+10%6-ASHTES at varying 

cure times. 

 

Using Fourier Transform Infra-red (FTIR) spectroscopy performed in Attenuated Total 

Reflectance (ATR) mode, we can monitor the progress of the crosslinking reaction by observing 

the decay of the azide peak at ~ 2100 cm-1 as the azide group is converted to sulfonamide bond. 

Figure 5.9a shows the progress of the crosslinking reaction by showing the reduction of the azide 

peak intensity as a function of time (full spectra are provided in Appendix A3). In addition, we 

use the decay of the intensity of the azide peak to indicate the progress of the crosslinking reaction 

by conversion of the azide group to the sulfonamide group and present these data in Figure 5.9b 
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as a function of time. After 5 hours, there is a significant decrease in the intensity of the azide peak, 

indicating the formation of the hydrogel network.  

 

Figure 5.9. FTIR spectra of PVP+10%6-ASHTES showing the decay of azide peak intensity as a 

function of cure time. a) the portion of the spectrum showing the azide peak at ~2100 cm-1 as a 

function of cure time and track b) the decay in intensity of the azide peak intensity as a function 

of cure time.  

 

As previously mentioned, thermally crosslinking and surface-anchoring the hydrogel network 

overcomes the spatial limitations of the UV system. To demonstrate this, we use the swelling 

behavior of the PVP+10% 6-ASHTES hydrogel to change the diameter of a pore in a PDMS 

substrate. We deposit the hydrogel solution by carefully pipetting it in the pore and allow it to dry. 

The hydrogel is thermally crosslinked on the sides of the pore. As the material swells and deswells 

due to exposure to methanol, the diameter of the pore changes. Swelling of the hydrogel deposited 

on the sides of the pore allows for pore closing. As the gel dries and collapses, the pore diameter 

increases, and the pore opens. Images of the pore deposited with thermally activated hydrogel in 

the swollen and dried states are acquired using the Keyence instrument, and diameter 

measurements are taken using optical microscopy. The results of this experiment are presented in 

Figure 5.10. Figures 5.10a and 5.10b show the dimensions of the pore size in the dry and swollen 

states, respectively, and Figure 5.10c shows the change in the diameter of the pore size. The 

bilayer structure is robust with repeated swelling and deswelling cycles in contrast to the UV-

crosslinked system. We posit that because of the relatively high concentration of the interfacial 

linker molecule in the hydrogel solution, there are a higher number of interfacial covalent bonds 
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linking the elastomer and hydrogel layers when compared to the UV-active system resulting in a 

more robust interface. 

 

Figure 5.10. Change in pore diameter as a function of hydrogel swelling of PVP+10%6-ASHTES- 

PDMS bilayer. a) change in pore diameter as a function of swelling of hydrogel methanol. b) The 

pore size in the swollen state. c) The pore size in the de-swelled state. Scale bars = 500 μm. 

 

We have described two methods to create an elastomer-hydrogel bilayer and to use the 

swelling properties of the bilayer to create a tunable surface topography upon exposure to solvent. 

The UV-active hydrogel system can be employed on a substrate that is sensitive to high 

temperatures but is limited by the geometry of the features allowing for optimal exposure to UV 

light. In contrast, the thermally active hydrogel system is ideal for substrates with complex surface 

patterns, which may limit the surfaces to uniform doses of UV light. However, the thermal 

crosslinking approach may be limited by the underlying substrate used. In the bilayer presented 
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above, the PDMS component is robust at high temperatures, but this is not the case for all 

substrates.  

This bilayer platform can be used to create bilayers using other non-elastomeric substrates 

as a base layer. In one example, we use PET as the underlying layer, where the surface texture has 

been imparted by using sandpaper. Bilayers with PET are created using both UV-active and 

thermally active hydrogels, which have been described above. Curing the PET film at elevated 

temperatures causes some loss in the optical transparency of the film. The bilayer samples with 

the two hydrogels are extracted in methanol overnight and allowed to dry. We acquire surface plots 

of the bilayer samples in the swollen and dry states of both hydrogel materials. And the results are 

shown in Figure 5.11. Figures 5.11a and 5.11b show the P(DMAEMA-co-7.5%MABP) gel on 

the PET surface in the dry and swollen state, respectively. Similarly, Figures 5.11c and 5.11d 

show the change in surface topography as the hydrogel comprising PVP+10% 6-ASHTES is dry 

and swollen, respectively. In both these cases, the swelling behavior of the hydrogel allows the 

surface features to be obscured. As the gel dries, features imparted by the sandpaper reappear. We 

have thus shown that the framework of an elastomer-hydrogel bilayer to create tunable surface 

feature geometry can be extended to thermoplastics like PET.  
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Figure 5.11. Hydrogel-PET bilayer comprising PET-P(DMAEMA-co-7.5%MABP) in a) dry 

state, b) swollen state, and PET-PVP+10% 6-ASHTES in c) dry state and d) swollen state. Colors 

indicate a change in height levels. Scale bars = 50 μm. 

 

Another example to demonstrate the versatility of this bilayer platform is to use 

polyurethane (PU) as the base layer. We then create a bilayer by depositing the UV-active 

P(DMAEMA+7.5%MABP) gel and curing it in the UV chamber per the method outlined above. 

It is subsequently extracted in methanol and dried. A bilayer sample featuring the thermally active 

PVP+10%6-ASHTES was not created as the temperature required to cure the hydrogel also causes 

the PU layer to melt, thus degrading the sample. The sample is depicted in Figure 5.12. Hydrogel 

in its dry state is shown in Figure 5.12a and exhibits many buckles and folds on the surface. These 

are caused by non-uniform evaporation of methanol from the swollen gel as it collapses into its 

dried state. As methanol is added to the hydrogel layer, it swells, and the buckles dissipate (cf. 

Figure 5.12b). We can also emboss a pattern on its surface by heat-treatment. However, due to 

the difficulty in imparting a surface pattern to the PU substrate with high fidelity, the embossed 

features have low feature depth. Nonetheless, we can observe from optical microscopy that 

swelling of the gel layer fills the topography and reduces the height difference between the bottom 

of the feature and the top surface of the substrate.   
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Figure 5.12. Hydrogel-PU bilayer comprising PU and P(DMAEMA-co-7.5%MABP). Hydrogel 

surface is shown in a) dried state and b) swollen state. Scale bar = 50 μm. 

 

5.5 Conclusion   
 

In this work, we present two methods to create an elastomer-hydrogel bilayer composite that 

allows for a reversible, stimuli-responsive change in surface topography. First, we create a UV-

active structure of PDMS and P(DMAEMAco-7.5%MABP) using a UV-active interfacial layer 

comprising BP-silane. The PDMS elastomer layer is used to fabricate a sinusoidal surface 

topography, and the hydrogel layer is deposited on top. The P(DMAEMAco-7.5%MABP) 

hydrogel is then cured and covalently crosslinked to the BP-Si layer using UV radiation (at 254 

nm). We characterized the hydrogel with two different MABP concentrations (i.e., 7.5% and 

10.0% mole fractions) using rheological studies and swelling experiments to determine the optimal 

curing conditions to achieve the swelling behavior needed. In addition, we use images of the 

elastomer-hydrogel interface at various cure times to determine the optimal cure for a stable 

interface. We use this level to create the hydrogel bilayer with the sinusoidal surface topography 

patterned on the elastomer layer. When dry, the hydrogel layer is in the collapsed state. When 

placed in methanol, the bilayer hydrogel swells. This results in a change in the sinusoidal structure 

of the bilayer. Thus, we demonstrate that by using a UV active interfacial layer, we can covalently 

attach incompatible hydrogel and elastomer layers. In addition, by using this framework on a 

PDMS substrate with a sinusoidal surface pattern and a hydrogel layer on top, we can create a 

reversible, stimuli-responsive surface topography. 
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We present a second method where the elastomer-hydrogel bilayer is constructed, 

comprising thermally crosslinked PVP+10% 6-ASHTES and PDMS. 6-ASHTES molecule serves 

as the interfacial linker between the PDMS substrate and the hydrogel (PVP) layer as well as the 

crosslinker in the PVP network. We characterized the swelling ratio and gel fraction of the neat 

hydrogel network as a function of cure time. We also observed the formation of the network by 

tracking the decay of the azide bond in the PVP+10%6-ASHTES network as a function of cure 

time using FTIR-ATR. Because thermally activated crosslinking is independent of geometry, we 

create a bilayer comprising a 1.4 mm pore, which was coated with the hydrogel and cured.  Upon 

exposure to solvent (methanol), we see that the gel deposited on the sides of the pore swells, 

thereby reducing the diameter of the pore. Using a thermally-active crosslinking process, we can 

construct a PDMS substrate patterned with pores of tunable size. We conclude by extending the 

scope of this platform to include PET and PU as the rigid component in the PET-hydrogel bilayer. 

We have used the swelling properties of the hydrogel to change the dimensions of grooves present 

on the PET surface. We also demonstrate the change in feature depth present in the PU surface. 

We believe this platform can go on to encompass an array of different hydrogels and elastomers 

to allow desired characteristics and functionalities.   
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Chapter 6: Summary and Outlook 

 

6.1 Summary 

 

This Ph.D. Dissertation examines the effect of surface topography on interactions between surfaces 

and their environments. We have fabricated surface features comprising model geometries to 

observe the settlement behavior of spherical particles as the geometry and interactions between the 

surface and particles are modified. Additionally, we fabricated surface topography with stimuli-

responsive feature dimensions, which can be tuned in real-time. We will discuss work that could 

be done to advance the field further and identify some areas of improvement for the work. 

First, we reviewed the research that has been performed in this field to date. We discussed 

the impact of different attributes of surface topography, such as feature size, feature geometry, and 

surface modulus on the interactions between the substrate and any natural or synthetic settling 

species. Chapter 3 describes the adsorption of spherical particles of varying sizes on a 

poly(dimethylsiloxane) (PDMS) surface that had been topographically patterned with circular and 

elliptical wells of increasing size and asymmetry. We modified the solvent used to deposit these 

particles, which affected the interactions between the surface and particles. In the case of circular 

wells, particles deposited using de-ionized water (DIW) were found to segregate at the edge of the 

wells. This effect was amplified when the ratio of the well radius to particle radius was high. Using 

isopropyl alcohol (IPA) resulted in more scatter in particle position. We fabricated elliptical wells 

and increased the ratio of the major to minor axes. Particles to settled close to the periphery of the 

ellipse according to the radius. Smaller particles at the edge were close to the edge than the larger 

particles. It also appeared that particles settled in lower curvature regions of the ellipse. Also, we 

detected no change in the deposition pattern when the solvent changed from DIW to IPA.  

In Chapter 4, we examined the role of a model PDMS sinusoidal topography where we 

observed the settlement pattern of particles of various sizes as a function of the ratio of the 

wavelength to the amplitude of the sinusoidal geometry (termed AR), as well as the chemical 

functionalization of the surface and particle. Three different aspect ratios were chosen for 

deposition with DIW. Particles and substrates were chemically functionalized and deposited with 

liquid glass (LG) to vary the interactions between the two due to chemistry as well as surface 

stiffness. The higher settlement along the sinusoids occurs when the aspect ratio is increased. This 

effect was amplified when the two surfaces were chemically functionalized, such that interactions 
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between the surfaces increased. The addition of LG increased the local surface modulus and 

decreased the surface contact between the particle and surface. This led to lower settlement along 

the sides of the sinusoids and increased settlement in the bottom of the channel. Colloidal probe 

microscopy was used to measure the interactions between silica particles and the substrate with 

the chemical and physical modification.  

In Chapter 5, we presented two platforms to create a stimuli-responsive surface topography 

with tunable feature dimensions. First, a bilayer composite is created comprising a sinusoidal 

PDMS structure with a UV-active hydrogel top layer, which was a copolymer of 

dimethylaminoethyl methacrylate (DMAEMA) and methylacryloxybenzophenone (MABP) using 

benzophenone silane (BP-Si) as an interfacial linker molecule. We demonstrated a thermally 

activated bilayer where poly(vinylpyrrolidone) (PVP) crosslinked by 6-

azidosulfonylhexyltriethoxysilane (6-ASHTES) comprises the hydrogel component in the 

elastomer-hydrogel bilayer framework. The 6-ASHTES molecule also covalently links the 

elastomer and hydrogel layers. Gel fraction and swelling ratio measurements were obtained for 

both hydrogel networks. We deposited the hydrogel networks on PDMS substrates patterned with 

various geometries. UV-active hydrogel was deposited on surface patterns comprising microwells 

and sinusoidal topography, and thermally active hydrogel was deposited on PDMS patterned with 

cylindrical pores. All samples are cured under UV light and elevated temperatures, respectively, 

creating the bilayer composite as the covalent bonds between the elastomer and hydrogel are 

formed, and the hydrogel network is crosslinked. We used the swelling behavior of the hydrogel 

layer in each case to tune the geometric dimensions of the surface topography in response to 

exposure to solvent.  

 

6.2 Future Work 
 

6.2.1 Limitations of the current work 
 

Before we consider the future directions this work may take, it is important to elucidate some gaps 

in our current work. We will discuss them as follows. All the analyses were done when experiments 

reached equilibrium, and no time-dependent behavior was observed. Therefore, we do not have a 

good understanding of how a topographical pattern on a surface impacts the kinetics of settlement 

on the surface. Time-dependent studies of how surfaces interact with settling species would 
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elucidate the mechanism by which the particles or organisms settle on the surfaces. The limitations 

of fabrication techniques presented a challenge in complexity and fidelity of the surface 

topography we were able to create. Photolithography was used to fabricate simple structures with 

a high degree of accuracy. However, we were limited to designing and making topographies with 

no negative angles and a simple cross-sectional pattern. We used 3D printing to create sinusoidal 

topography. While this technique allowed us more flexibility to create more complex three-

dimensional structures, it did impose a lower limit on feature size. A more sophisticated method 

of fabrication, such as direct-write lithography, could allow us the ability to expand our size range 

and create complex features with high fidelity. One consequence of the limitations of the methods 

of fabrication used is that the geometries created in our studies are simple. Not only were these 

fabricated reliably, but the model geometries were also chosen, such as sinusoids or wells of 

various shapes, that enabled relatively straightforward analysis to map the settling particles. 

Spherical particles were selected for the same reason and also because they are readily available. 

In addition, we chose the model geometries described above because they can be characterized 

analytically. Nevertheless, we realize that model geometries such as sinusoidal or microwell 

substrates or spherical particles are not representative of real systems, biological or otherwise. 

Microorganisms that result in biofouling are not spherical, and geometries more complex than 

simple sinusoids or microwells, and spherical particles will need to be studied to develop robust 

solutions to problems such as non-specific biofouling by marine organisms. The use of spherical 

silica (SiOx) particles presents another challenge. SiOx particles are dense and subject to 

gravitational forces. We mitigated this effect by developing a system where particles and water 

could be agitated such that the particles could randomly settle on the surface. As we will discuss 

below, further studies could be performed with particles that are less dense than water to mitigate 

the effect of gravity on the settlement studies. In the particle settlement experiments described in 

the chapters above, we assume that any interactions between surfaces and particles are only due to 

the chemical functionalization of the two. We did not consider the electrostatic interactions, which 

could play a role in the interactions between the surface and the particles and would warrant further 

study. In the studies pertaining to the settlement of particles on surface topography, we only 

considered a system where the particles were deposited on the surface using a static medium. We 

did not consider how the presence of surface features would affect the flow behavior of the solvent 

and, consequently, the settlement pattern of the particles. In work describing the creation of a 
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stimuli-responsive surface topography comprising an elastomer-hydrogel bilayer, we use a few 

different systems of elastomer and hydrogel to demonstrate the concept. Others could be studied 

under a similar framework. We only used one concentration of UV-active material 

methylacryloxybenzophenone (MABP) in the hydrogel-elastomer composite used to create the 

stimuli-responsive topography. Using higher concentrations of MABP in the hydrogel will allow 

us to shed light on the mechanisms that govern the formation of the hydrogel-elastomer composite. 

Similarly, using multiple concentrations of 6-ASHTES in the PVP solution would enable us to 

understand the mechanism of bilayer formation better. To address these gaps identified, we will 

discuss work that could be done to further the field and improve our understanding of the 

interactions between patterned surfaces and settling species.  

 

6.2.2 Interactions between surface topography and settling species 

 

Non-equilibrium settlement 

 

As mentioned previously, this work focuses on the equilibrium behavior of settling particles on 

patterned surfaces. There are opportunities to study time dependence of particle settlement and 

how the surface topography affects this. Understanding the initial settlement behavior of particles 

on a patterned surface would shed light on the mechanisms that control the equilibrium settlement 

behavior observed.  

Gravitational effects 

 

Another limitation of our work identified was that due to the density of the silica (SiOx) particles 

relative to water, gravitational effects play a significant role in the settlement pattern of the 

particles on the surface. Additionally, an experimental procedure was developed to mitigate the 

impact of the gravitational forces on the settlement. Experiments using particles of different 

densities such has PDMS particles would allow us to examine the effect of density on particle 

settlement patterns.  

Effect of topography under flow conditions 

 

Other works have shown that flow of solvent can be used to fractionate particles based on density.1 

The addition of surface topography can affect the flow over the surface.2  Previous work has shown 

that presence of valleys and pores on a leaf surface enables it to capture more particulates under 
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flow conditions.3 An investigation of the effect of features size and geometry on the settlement of 

particles of varying sizes and geometries under different flow conditions would be pertinent to 

many applications such as filtration membranes and biomedical implants. One opportunity for 

further studies would be to use surface topography to manipulate the flow over the surface such 

that particles could be segregated not just by size4, but by other characteristics such as density.  

Effect of surface wettability 

 

Simulations have been used previously to understand the behavior of surfaces at length and time 

scales, which are challenging to characterize using experimental methods. Researchers have 

computationally characterized droplet evaporation on a hydrophobic surface5 as well as the de-

wetting transition of water on rough surfaces. We could predict further how the addition of surface 

topography affects the evaporation of a droplet on a patterned surface and the resulting settlement 

pattern on the surface.6 Additionally, the wettability of surface topographies has been used to 

inhibit cell attachment to a patterned surface7. Thus, we could design surfaces where varying 

wettability by varying the surface features and observe the changing settlement pattern as a result. 

These studies would further our understanding of how wettability introduced by a surface 

corrugation would affect the resulting spatial distribution of particles settling on the surface.  

Surface modulus effects 

 

Much research has been dedicated to study the effect of surface modulus on the interactions 

between settling species and the corrugated surface, including this work.8 We have examined the 

impact of changing surface modulus on the settlement pattern on sinusoidal surface topography by 

trapping the particles in a metastable position on the sides of the channel. This presents an 

opportunity to expand this field of study to different and more complex surface patterns and 

examine how settlement behavior can be manipulated by changing the modulus.  

Surface charges 

 

Surface charges on the particles and substrates affect the interactions between them and could also 

have an impact on the final settlement pattern of the particles. This can be accomplished by 

functionalizing either of the surfaces and adjusting the pH of the solvent being used to deposit the 

particles. It could be another tool in the arsenal to control the settlement of particles. SiOx particles 

can be susceptible to electrostatic charge buildup, which can have an impact on the interactions 
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between the surface and topography. This effect has been studied in the context of settlement of 

dust particles in an airless atmosphere such as the moon and how electrostatic charges effect it.9 

Similar to inducing a surface charge in solution by changing its pH, we can impart electrostatic 

surface charges on the particle and examine their effect on interactions between the surface and 

the particle and the resulting settlement pattern. We have shown how particle settlement pattern 

on a surface depends on particle-surface, particle-solvent, and solvent-surface interactions. By 

employing a surfactant in the particle-solvent mixture, we can tune the interactions between the 

particles and obtain varying settlement patterns. 

Feature geometry 

 

Limitations of methods of fabrication played a role in the surface structures that we created and 

analyzed. We know from many previous works that shape factor plays a significant role in how 

the surface with topographical pattern can interact with settling species, which also could have 

complex geometries. Non-spherical particles have been arranged in specific patterns previously. 

Research from the Stebe group has shown that rod-shaped particles can be assembled in specific 

patterns using capillary forces.10 The shape of particles also affects its sensitivity to the coffee-ring 

effect.11 Similarly, complex microwell arrays have been used to capture particles in solution based 

on a shape-match.12 In the natural world, rod-shaped bacteria settle differently on features of 

varying geometries on a leaf.13 Different particle shapes can affect adhesion mechanisms, as has 

been reported by Moutinho et. al.14, where they show how particle shape and size can affect 

adhesion to solar glass. McNew et al. .15 demonstrated using atomic force microscopy (AFM) that 

the shape and aspect ratio of a particle influences its attachment to a surface where its roughness 

can be varied. Hierarchical structures have been used to tune interactions between surfaces and 

settling organisms such as bacterial adhesion.16  

Methods of fabrication 

 

We can surmise that particle shape and geometry of the substrate affect the interactions between 

the particle and surface. To systematically study more complex particle and surface geometries, 

more sophisticated fabrication techniques are required. The limitations of the methods used in this 

work have been mentioned previously. To rigorously study the effect of complex geometries using 

model structures will require a fabrication method that can create these complicated features with 

high fidelity. Researchers have already demonstrated the manufacture of more complex particle 
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geometries.14 Conventional photolithography and 3D printing the limit the size range and the 

complexity possible in the fabrication of the substrates. Methods also currently exist for creating 

hierarchical topography. However, they lack control and the ability to create complex structures. 

Employing a technique such as direct-write lithography would allow us to conduct experiments 

that feature these complex surface geometries and examine the effect of these geometries on the 

interactions between the surface and settling species.  

Hierarchical topographies 

 

Hierarchical topographies are found in nature and endow many properties such as 

superhydrophobicity, reversible adhesion, and reduced drag.17 The cumulative effects of these 

structures were outside the scope of this work. Yet, opportunities exist to study the impact of the 

dimensions of each ‘generation’ of the topographies18 on the settlement and adhesion of particles. 

New methods of fabrication will need to be explored to construct hierarchical topographies with 

desired dimensions with high fidelity.  

 

6.2.3 Tunable surface topography resulting from stimuli-responsive materials 
 

Characterization of peel strength 

 

In this work, we explore one method of creating a hydrogel-elastomer bilayer, namely covalently 

bonding elastomers and hydrogels by using MABP, a UV-active moiety, and 6-ASHTES, a 

thermally activated crosslinker. To further understand the interfacial properties of the composite, 

peel studies can be used to determine the adhesion strength as a function of hydrogel and elastomer 

cure time.19 To perform these studies, we need to create a composite where the hydrogel and 

elastomer layers are of relatively equal thickness and report the energy that is required to 

delaminate the layers.  

Comparison of mechanisms of adhesion 

 

Hydrogel-elastomer composites have been fabricated using other methods such as 

photopolymerization of hydrogel monomer on the elastomer layer, where monomer of the 

hydrogel diffuses into the elastomer layer creating an interface with an interpenetrating network.20 

A comparison of the interfacial strength of this method with an adhesion strength of hydrogel and 

elastomer layers by covalent linker molecule is warranted.  
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Effect of modulus 

 

Mechanical properties of the elastomer and hydrogel bulk stiffness, which can be tuned by 

controlling the degree of crosslinking, of each could affect the strength of the interface. The level 

of UV dose applied results in a changing crosslink density and mechanical properties. Riga et al.21 

have shown that the UV-active BP moiety is sensitive to the irradiation wavelength in addition to 

its concentration, and results in changes to the final crosslink density of the polymer. A gradient 

in crosslink density in the hydrogel and interfacial stability can be generated by employing a 

photomask when UV light is being applied.22 In the same vein, we could explore the effect of 

modifying surface modulus and examining the resulting change in interfacial strength. The 

addition of liquid glass can vary surface stiffness to the PDMS substrate, and the hydrogel layer 

can be added to that. In the case of the thermally-activated bilayer system, modulus of some 

substrates can change upon exposure to high heat. Peel tests can be used to measure the adhesion 

strength. These experiments would allow us to formulate a set of design rules to achieve the 

interfacial properties desired. 

Effect of MABP fraction 

 

In this work, we studied a specific combination of hydrogel and elastomer to fabricate a composite 

i.e., pDMAEMA+7.5%MABP and PDMS, that has been covalently bonded by BP silane. One 

avenue to explore this field further would be to synthesize the hydrogel elastomer and vary the 

concentration of the MABP fraction23 and monitor the resulting hydrogel, and composite 

properties. Changing a mole fraction of MABP would affect the network properties, and these 

studies would allow us to understand the relationship between mechanical properties of the 

hydrogel and the strength of the interface. It would allow us to create a material where other 

features such as protein adsorption on the surface can be correlated with crosslink density.   

Effect of 6-ASHTES concentration 

 

In our studies, thermally activated hydrogel solution with only one concentration of 6-ASHTES is 

employed and characterized. Further studies could be designed where the concentration of 6-

ASHTES in the hydrogel solution is varied. Network properties such as gel fraction and swelling 

behaviors could be evaluated for the bulk gel at various concentrations of the crosslinker. Adhesion 

strength is another parameter that can be evaluated as the concentration of 6-ASHTES is varied.  
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Effect of interfacial compatibilizers 

 

In this work, we use UV-active, and thermally active silanes to bond the elastomer and hydrogel 

components into a composite covalently. Other materials, such as glass fibers, have also been used 

as compatibilizers.21 To expand the scope of the field, we can use other materials and methods to 

create a composite. For example, Yang et al.24 have shown chemistry, and topology of the two 

constituent units can create different types of interfaces. They can result in interfacial attachments 

that are permanent, reversible, or detachable24. We can use these principles to endow new 

properties to the stimuli-responsive tunable surface topography we have discussed.  

Effect of substrate deformation 

 

The elastomer layer in our studies is PDMS, which is a soft material and is deformable. Adhesion 

between the elastomer and hydrogel can be affected by the physical deformation of the elastomer 

layer. This is especially pertinent to samples where the PDMS layer has been patterned with 

surface topography where tensile stress will deform the features. Experiments can be conducted 

where tensile stress is applied to the bilayer sample, and the stability of the interface is examined. 

Reversibility 

 

One key parameter to study further is the reversibility of the stimuli-induced response in the 

swelling of the hydrogel material.25,26 Studies showing the stability of the interface hydrogel-

elastomer material in response to repeated swelling and drying cycles would shed light on the 

robustness of this tunable surface topography and its suitability to long-term applications.  

Applications of a hydrogel-elastomer composite 

 

Hydrogels have been used in the past in several applications such as creating anti-fouling surfaces 

in marine environments27, biomedical devices28, and protein delivery.29 Creating a composite with 

an elastomer could improve mechanical properties. We can use the framework of the stimuli-

responsive composite with a surface topography with tunable dimensions to create robust materials 

that may be used in these applications.  

Non-equilibrium structures 

 

Finally, we have only focused on the equilibrium swelling behavior of the hydrogel-elastomer 

composite to change the surface topography. Surface features can be ‘frozen’ in a non-equilibrium, 
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metastable state and could be used to control assembly of natural and synthetic species on the 

surface.30 

Exploring the impact of surface topography on the interactions between the surface and its 

environs is an exciting field, and there are many avenues of research that can further our 

understanding of this field. We hope the work in this dissertation document serves as a foundation 

and a beginning for others to fabricate and characterize new surface geometries and understand 

their functionalities.  
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Appendix A1 

 

A1.1 Generation of tie lines to related particle position in real elliptical and transformed 

coordinates 

 

We consider an ellipse, whose coordinates are given by Equations (A1.1) and (A1.2): 

 

𝑥2

𝑎2 +
𝑦2

𝑏2 = 1          (A1.1) 

 

𝑥2 + 𝑦2 = 𝑅2          (A1.2) 

 

In Equations (A1.1) and (A1.2), a, b are the two principal axes of the ellipse.  The center of the 

ellipse is at (0,0).  R is the distance between a point on the ellipse (coordinates (x,y)) and the center 

of the ellipse.  Note that R is a function of (x,y), and it ranges from R=a to R=b.  We only consider 

the “northeastern” quadrant of the ellipse (i.e., x0, y0).  The behavior in the remaining three 

quadrants is analogous. 

In the analysis below, we assume that the length of the minor axis of the ellipse (i.e., b) is 

equal to 1 and the major axis of the ellipse (i.e., a) varies.  The goal is to determine the locations 

of the “tie lines” that mark the positions of particles within elliptical wells.  The tie lines will be 

determined based on the “absolute” position shifts (vide infra).  We first generate the border of the 

ellipse.  For b=1, the x-coordinate is given, based on Equation (A1.1), by: 

 

𝑥 = 𝑎(1 − 𝑦2)0.5         (A1.3) 

 

We generate the “quarter-ellipse” (QE) by picking values of y from the interval y ∈ (0,1) and 

calculate the corresponding values of x using Equation (A1.3). In this example, we assume that 

a=2, but we generalize the approach to other values later.  Henceforth, we denote the values of x 
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and y on the “mother” curve as x0 and y0. The “radius”, R, in the QE ranges from 1 (at [x0,y0]=[0,1]) 

to 2 (at [x0,y0]=[2,0]) and can be calculated from: 

 

𝑅 = (𝑥0
2 + 𝑦0

2)0.5         (A1.4) 

 

The slope of the line connecting the point [x0,y0] with the origin of the coordinate system, m, is 

given by: 

 

𝑚 =
𝑦0

𝑥0
           (A1.5) 

 

We then evaluate the tangent to the QE curve at each point, t, by using the “forward derivative” 

approach: 

 

𝑡 = 𝑡(𝑥0,𝑖, 𝑦0,𝑖) =
𝑦0,𝑖+1−𝑦0,𝑖

𝑥0,𝑖+1−𝑥0,𝑖
        (A1.6) 

 

Assuming that we have N total points, i in the above equation ranges from 1 to N-1. The more 

accurate way to determine the tangent t is to evaluate it analytically from Equation (A1.1) by 

determining dy/dx (or rather dy0/dx0). Thus, for b=1, we get from Equation (A1.1): 

 

𝑦0 = (1 −
𝑥0

2

𝑎2
)

0.5

         (A1.7) 

 

Finally, we calculate the tangent, t: 
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𝑡 =
𝑑𝑦0

𝑑𝑥0
=

𝑥0

𝑎2 (1 −
𝑥0

2

𝑎2)
−0.5

        (A1.8) 

 

We also have to determine the functional dependence of R on m.  We do so by combining Eqs. 

(A1.1)-(A1.9).  Equation (A1.9) is similar to Equation (A1.5) and it defines m: 

 

𝑚 =
𝑦

𝑥
           (A1.9) 

 

By rearranging Equation (A1.1) and using Equation (A1.9) we obtain (again taking b=1): 

 

1

𝑎2 +
𝑦2

𝑥2 =
1

𝑎2 + 𝑚2 =
1

𝑥2        (A1.10) 

 

Further, by combining Equation (A1.2) and Equation (A1.10) we obtain: 

 

1 +
𝑦2

𝑥2 = 1 + 𝑚2 =
𝑅2

𝑥2        (A1.11) 

 

We can write Equation A1.11 as: 

 

1+𝑚2

𝑅2
=

1

𝑥2
          (A1.12) 

 

By combining Eqs. (A1.10) and (A1.12) and simple algebra, we obtain the final expression for 

R=R(m): 
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𝑅 = (
1+𝑚2

1

𝑎2+𝑚2
)

0.5

         (A1.13) 

 

To determine the “tie lines” to the original QE plot, we generate plots of y vs. x to alter the 

“mother” y0 vs. x0 dependence such that the difference between the “mother” curve and the newly 

created curve maintains a constant distance (d).   

 

To do so, we determine the slope of a line perpendicular to the tangent, t, at each point, n: 

 

𝑛 = −
1

𝑡
          (A1.14) 

 

This relationship originates from the notion that the product of the slopes of two perpendicular 

lines in Cartesian coordinates is equal to -1. 

 

We now reduce the distance in the ordinate by a particular fractional value, say d.  The d ranges 

from 0.1 to 0.6 in the example below. 

 

Thus, we evaluate the x and y coordinates from: 

 

𝑥 = 𝑥0 − 𝑑 ∗ cos (atan(𝑛))        (A1.15) 

𝑦 = 𝑦0 − 𝑑 ∗ sin (atan(𝑛))        (A1.16) 

 

Figures A1.1-A1.3 plot y vs. x for various values of a (and d ranging from 0.1 to 0.6).  
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Figure A1.24. The coordinates of tie lines in the y vs. x plot for an ellipse with a=2 and b=1. 

 

 

Figure A1.2. The coordinates of tie lines in the y vs. x plot for an ellipse with a=4 and b=1. 
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Figure A1.3. The coordinates of tie lines in the y vs. x plot for an ellipse with a=8 and b=1. 

 

Once x and y are determined, one can calculate the distance of the particle from the coordinate 

center, p: 

 

𝑝 = (𝑥2 + 𝑦2)0.5         (A1.17) 

 

Knowing x and y, we can evaluate m using Equation (A1.9).  Given m, one can establish the 

corresponding value of R using Equation (A1.13). 

 

We can then calculate the corresponding ratio of p/R. 

 

We repeat the calculations for various values of a and d, the latter ranging from 0.1 to 0.6.  See 

Figures A1.4-A1.6. 
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Figure A1.4. R versus p/R for an ellipse with a=2 and b=1. 
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Figure A1.5. R versus p/R for an ellipse with a=4 and b=1. 
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Figure A1.6. R versus p/R for an ellipse with a=8 and b=1. 

 

Tie lines 25 μm apart in ellipses with ARs of 2:1 and 8:1 corresponding to the transformed 

coordinates in Figures A1.8-A1.11 in the main text are depicted in Figures A1.7 and A1.8. We 

note that the x-intercepts of the tie lines in both figures do not correspond precisely to 25 μm 

increments (except the first two tie lines close to the ellipse border), which is the specified distance 

separating the tie lines. It is a consequence of the methodology used to generate the tie lines. The 

outermost tie line in each figure is plotted using the equation of an ellipse. In contrast, every other 

tie line is calculated such that it is equidistant from its adjacent tie line, and therefore, they are not 

true ellipses. Consequently, at any low values of y, when particle position is shifted inwards by a 

large distance from the outermost ellipse, the new position falls into the bottom-right quadrant of 

the ellipse with negative y values. As the y coordinate of particle position on the outermost ellipse 

increases, the tie line position falls into the top-right quadrant, which is shown in Figures A1.7 

and A1.8.   
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Figure A1.7. The coordinates of tie lines in the y vs. x plot for an ellipse with a=800 and b=400. 

 

Figure A1.8. The coordinates of tie lines in the y vs. x plot for an ellipse with a=3200 and b=400. 

 

A1.2 Examples of points on “real” and “transformed” elliptical axes 
 

Using the framework described above, we show the relationship between the particle position in 

the ellipse and the transformed coordinate system. The following figures show examples of how 

different particle positions in an ellipse will be depicted in the transformed coordinates. In Figure 

A1.9, we define the parameters used to describe the elliptical system. We use a simple ellipse 

where the ratio of major to minor axes (AR) is 2:1. The parameter p gives the distance of the 

particle (x’, y’) from the center of the coordinate center. R is the distance from the coordinate 

center to the outer periphery of the ellipse (x, y) via a line that passes through the center of the 

particle.  
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Figure A1.9. Parameters used to define particle position and ellipse geometry 

 

Using the calculations above, we derive a relationship between the dimensions of the ellipse and 

p and R. Figures A1.10-A1.12 show examples of particles with various positions in the real 

coordinate system and how that affects the position in the transformed coordinates. We examine 

positions of particles at the outer periphery of the ellipse, along the axes, at the vertices and co-

vertices, and various points along the interior of the ellipse and translate them into the transformed 

coordinates.  

 

Figure A1.10. Relationship between real and transformed coordinates of particle position at the 

periphery of the ellipse (red curve) or along the major (blue line) and minor (green line) axes of 

the ellipse. 
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Figure A1.11. Relationship between real and transformed coordinates of particle position at the 

origin of the ellipse (in red) or at the two vertices (in blue and green) of the ellipse. 

 

 

Figure A1.12. Relationship between real and transformed coordinates of particle position at points 

in the interior of the ellipse. 

 

A1.3 The behavior of silica particles at the edge of a droplet 
 

We present the settlement pattern of silica (SiOx) particles on a flat PDMS surface as a droplet of 

liquid dries in Figure A1.13. Figure A1.13a shows the pattern at the edge of a DIW droplet as it 

dries. As the droplet dries, the particles are concentrated at the edge of the droplet, in an illustration 

of the coffee-ring effect. In contrast, Figure A1.13b shows that when SiOx particles are deposited 

in an IPA droplet, particles settle in the interior and away from the edge of the droplet and form 

clusters. 
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Figure A1.13. A comparison of the particle pattern at the edge of a (a) DIW and (b) IPA droplet, 

respectively. Scale bar = 200 µm. Black curves indicate the approximate outline of the drop 

  

a) b) 
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Appendix A2 

 

A2.1 Fabrication of sinusoidal substrates using 3D printing and imprint molding 
 

Substrates with a sinusoidal cross-section were designed using computer-aided design (CAD) 

software and 3D printed with varying amplitudes and wavelengths using the ProJet 3500 multi-jet 

(MJP) 3D printer, developed by 3D Systems (nominal layer height resolution of 29 μm).  The resin 

is jetted in layer-by-layer fashion to build up parts, and each layer is cured by exposure to UV 

light. Parts were printed using the Visijet M3-X resin. The designed parts do not require any 

support materials. However, a sacrificial layer of the S300 support material is deposited first to 

allow parts to be separated readily from the build plate. This layer can be removed by heating at 

65˚C. Figure A2.1 shows a representation of the 3D CAD model.  

 

Figure A2.1. 3D CAD model showing sinusoidal surface topography on a substrate. 

 

The dimensions of the substrates fabricated in this manner are listed in Table A2.1. Once 

substrates are printed, we used imprint molding to create replicas using poly(dimethylsiloxane) 

(PDMS). We achieved this by pouring a mixture of PDMS base and crosslinker in a 10:1 ratio 

over the 3D printed mold and curing at 50˚C overnight. To de-mold the cured PDMS replica, the 

mold and cured PDMS were placed in a closed vessel and exposed to toluene vapor for 48 hours. 

Toluene vapor caused the PDMS to swell at a slow rate resulting in its separation from the 3D 

printed mold. PDMS substrate was subsequently heated at 70˚C for one hour to remove any 

residual toluene present in the bulk.  
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Table A2.4. Dimensions of sinusoidal surface topography 

 

A2.2 IR spectra of chemical modification of PDMS and LG substrates with PAA 

 

We characterized the layer-by-layer (LBL) deposition of PEI (poly(ethylene imine)) and PAA 

(poly(acrylic acid)) on ultraviolet/ozone (UVO)-activated PDMS using Fourier Transform 

Infrared (FTIR) spectroscopy in the attenuated total reflection (ATR) mode and plot them in 

Figure A2.2. The LBL sample was analyzed after being washed with water to simulate the effect 

of the particle deposition in water. We used the FTIR spectra of pure PEI and PAA to demonstrate 

successfully chemical modification. Peaks at 1500-1650 cm-1 indicate the presence of amine 

groups, corresponding to PEI, whereas the peaks at 1750-1800 cm-1 show that there are carboxylic 

acid groups, corresponding to PAA, present on the surface.  

 

Figure A2.2. IR spectra showing surface functionalization of PDMS. 
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The same chemical modification was carried out on PDMS:UVO coated with liquid glass (LG). 

Figure A2.3 shows the resulting FTIR spectra. We compare the FTIR spectra of samples modified 

with PEI and PAA to pure PEI and PAA to demonstrate the success of surface functionalization.  

 

Figure A2.3. IR spectra showing LBL modification of the LG-coated PDMS surface. 

 

Figure A2.4. Surface modification of SiOx particle with PEI. 

 

Figure A2.4 plots the FTIR spectra of the parent SiOx particles and those modified with PEI. 

Particles are pulverized using a mortar and pestle and combined with potassium bromide (KBr). 
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A pellet is created and analyzed using transmission FTIR spectroscopy. In the case of LG surface 

modification, and SiOx particle, the signal from the PAA and PEI peaks respectively is relatively 

weak. This could indicate uneven or poor coverage by the PEI layer on LG or the particle, or weak 

bonding to the surface.  

 

A2.3 Calculation of particle position on sinusoidal surface profile 

 

The surface profile z=fxn(x) can be modeled as: 

   .        (A2.1) 

In Equation (S1), A is the amplitude of the features,  is the wavelength of the features.  We 

consider particles having a radius R (or diameter D) that are attached to the surface at some point, 

making a single point contact (cf. Figure A2.5).  In 2D representation, the particles are modeled 

as circles.   

 

Figure A2.5. The coordinate system for particle attachment to sinusoidally-corrugated 

substrates. 

 

The center point of each particle has coordinates [x’,z’] and we seek to find an analytical way to 

express the [x’,z’] coordinates as a function of x and z for a given set of A, λ and R.  In Figure 

A2.6 we present such a situation for A=100 a.u., λ=100 a.u. (thus the aspect ratio AR=A/λ=1) and 

R=10 a.u. 
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Figure A2.6. Graphical representation of the coordinates of a particle (i.e., a sphere in the 2D 

representation) (COS) that is attached to a sinusoidally-corrugated substrate at a single point.  The 

locus of the particle COS is marked with a dark green color. 

 

We first determine the tangent to the surface for each x. 

        (A2.2) 

The line perpendicular to the tangent has a slope of: 

       (A2.3) 

Note that based on geometry the equation for “perp” has to satisfy the condition: 

         (A2.4) 

The angle of the line whose slope=perp (α) is: 

         (A2.5) 

The x’ and z’ coordinates for the circle, having a radius of R, are: 
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         (A2.6) 

         (A2.7) 

 

A2.4 Image analysis to obtain particle position in sinusoidal channels 
 

Particle position is recorded by measuring the distance between the particle and the crest of the 

sinusoid. To do this, we first image the substrates with particles deposited upon them with a laser 

confocal scanning microscope (LCSM). The instrument used is the Keyence VKx1000.  Figure 

A2.7 shows an LCSM image of a particle settling in a sinusoidal channel.  

 

Figure A2.7. 3D surface map of sinusoidal surface profile and particle. Colors indicate height. 

Scale bar: 500 µm. 

 

We analyzed images using the Keyence Multifile Analyzer software by taking cross-sections of 

the system at the particle (perpendicular to the length of the channel), as shown in Figure A2.8.  

)cos(*Rxx ' +=

)sin(*Rzz ' +=
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Figure A2.8. Cross-section of sinusoidal surface profile and particle system.  Colors indicate 

height. 

 

Figure A2.9 depicts the profile obtained by cross-sectional analysis. This representation enables 

determining pertinent dimensions, such as substrate periodicity, and the center of the particle 

relative to the sinusoidal substrate profile.  

 

 

Figure A2.9. Particle dimensions and position with respect to sinusoidal features are measured 

from the cross-section. 
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A2.5 Surface modulus of PDMS and LG substrates and respective chemical modifications 
 

Surface moduli for each PDMS and LG substrate collected by the CFM are shown in Figures 

A2.10 and A2.11. The images show that surface modification using LG results in a non-uniform 

coverage of the surface. 

 

 

Figure A2.10. AFM scans showing the measured surface modulus of PDMS as probed by SiOx 

particle as a function of chemical modification. Experimental conditions represented by the 

symbols are as follows: PDMS-SiOx (), PDMS:UVO/PAA-SiOx (), PDMS:UVO/PAA-

SiOx/PEI (). 

 

 

 

Figure A2.11. AFM scans showing the measured surface modulus of LG-coated PDMS as probed 

by SiOx particle as a function of chemical modification. Experimental conditions represented by 

the symbols are as follows: PDMS:UVO/PEI/LG-SiOx (), PDMS:UVO/PEI/LG/PAA-SiOx 

(), PDMS:UVO/PEI/LG/PAA-SiOx /PEI (). 

The average moduli and work done to separate the two surfaces for each case shown above are 

calculated and recorded in Table A2.2. 
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Table A2.5. Average moduli and work done to separate two surfaces calculated in each case from 

AFM force mapping 

 

 

We use the CFM to calculate interactions between the probing particle and substrates. Figures 

A2.12 and A2.13 show the interactions between surfaces described in Table A2.2. The maps 

display inhomogeneity in the surface interactions, which could be attributed to the non-uniform 

chemical coating on both the substrate and the particle.  

 

 

 

Figure A2.12. AFM scans showing the calculated work required to separate PDMS substrate from 

SiOx particle as a function of chemical modification. Experimental conditions represented by the 

symbols are as follows: PDMS-SiOx (), PDMS:UVO/PAA-SiOx (), PDMS:UVO/PAA-

SiOx/PEI (). 
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Figure A2.13. AFM scans showing the calculated work required to separate LG-coated PDMS 

surface from SiOx particle as a function of chemical modification. Experimental conditions 

represented by the symbols are as follows: PDMS:UVO/PEI/LG-SiOx (), 

PDMS:UVO/PEI/LG/PAA-SiOx (), PDMS:UVO/PEI/LG/PAA-SiOx /PEI (). 
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Appendix A3 
 

A3.1 Infra-red spectroscopy showing the presence of hydrogel on PDMS surface 
 

The presence of the hydrogels on the PDMS surface are confirmed using Fourier Transform Infra-

red (FTIR) spectroscopy in Attenuated Total Reflectance (ATR) mode. Figure A3.1a shows the 

spectrum for a poly(dimethylaminoethyl methylmethacrylate-co- methylacrylyloxybenzophenone 

(P(DMAEMA-co-MABP) hydrogel atop poly (dimethyl siloxane) (PDMS) elastomer layer. The 

spectrum of neat PDMS is provided for comparison. We observe the presence of the characteristic 

amine peaks at approximately 1600 cm-1. Figure A3.1b depicts the evolution of a hydrogel 

comprising a mixture poly(vinylpyrrolidone) with 10% 6-azidosulfonylhexyltriethoxysilane 

(PVP+10% 6-ASHTES) upon exposure to heat as a function of time. We observe the presence of 

the amine peak mentioned previously as well as the decay of the peak associated with azide bond 

at ~2100 cm-1 which shows the progress of the crosslinking reaction.  

 

Figure A3.1. FTIR spectra of (a) PDMAEMA+7.5% MABP and (b) PVP+6ASHTES as a function 

of cure time on PDMS. 

 

A3.2 Mechanical properties of P(DMAEMA-co-MABP) as a function of UV cure dose and 

MABP concentration 
 

Mechanical characterization of P(DMAEMA-co-MABP) is performed at two different 

concentrations of MABP, 7.5%, and 10% using a parallel-plate rheometer with a built-in UV lamp 

with dosage of 10 mW/cm2. Figure A3.2 depicts the results of a strain sweep performed on 

P(DMAEMA-co-MABP) hydrogel. The oscillation frequency used is 1 rad/s. Higher MABP 
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fraction results in a higher modulus for the gel. This experiment determines the linear viscoelastic 

regime for subsequent experiments.  

 

 

Figure A3.2. Strain sweep experiment for P(DMAEMA-co-MABP) after exposure to UV light at 

various concentrations of MABP.  

  

The results of UV-crosslinking are shown in Figure A3.3. Figure A3.3a shows the results 

of a frequency sweep experiment performed before the gel is exposed to UV light, and Figure 

A3.3b shows the same after exposure to UV light. The analysis is performed at a constant 

oscillatory strain of 100% to obtain the data before curing, and at 10% for all other experiments. 

Moduli of the gels increase after UV exposure providing evidence for network crosslinking. 

Higher moduli are reported for the gel with higher MABP fraction. 
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Figure A3.3. Frequency sweep experiments showing the change in modulus of 

PDMAEMA+7.5%MABP (a) before and (b) after UV cure.  

 

A curing rate of reaction study was performed at a constant strain of 10% and constant 

frequency of 5 rad/s where the change in modulus of the UV-active hydrogel is reported as a 

function of cure time in Figures A3.4a-b. Figure A3.4a shows the curing behavior of the gels 

over the course of 1 hour of cure time, whereas Figure A3.4b shows the results of the initial 2 

minutes of curing time. Results show that an increased fraction of MABP allows the network to 

attain a higher final modulus. However, the onset of gelation appears slightly later in the gel with 

higher MABP fraction.  

 

a) b) 
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Figure A3.4. Change in modulus with UV exposure as a function of cure time of (a) 1 hour (b) 2 

minutes. 

 

A3.3 Hydrogel-elastomer bilayer attributes 
 

The following images show the change in the height of the hydrogel due to swelling in methanol. 

The sample is cured for 35 minutes. Figure A3.5 shows the difference in hydrogel thickness for 

P(DMAEMA-co-7.5%MABP) due to methanol exposure. Figures A3.5a and b show the sample 

where the in the dry and swollen states, respectively. The height is observed to change from 

approximately 89 μm to 204 μm. 

 

Figure A3.5. Cross-section showing the change in thickness of PDMAEMA+7.5%MABP layer 

when going from (a) dry state to (b) swelled state. Arrow indicates hydrogel layer on PDMS. Scale 

bar = 100 μm. 

 

a) b) 

a) b) 
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The effect of BP-Si layer on interfacial robustness between PDMS and P(DMAEMA-co-

7.5%MABP) is shown in Figure A3.6. In Figure A3.6a, a bilayer fabricated without the BP-Si 

interfacial layer. The hydrogel layer (yellow) easily delaminates from the PDMS (clear) substrate 

when separated with tweezers. In contrast, Figure A3.6b shows an intact bilayer even after 

extraction in methanol.  

 

 

Figure A3.6. Effect of BP-Si layer in covalently bonding P(DMAEMA+7.5%MABP) and PDMS. 

The bilayer (a) delaminates without the silane layer, and (b) remains intact with a silane layer 

present. Scale bars = 0.5 cm. 

 

The swelling of the two components of the bilayer in different solvents results in the 

bending of the bilayer. First, the sample is immersed in methanol to swell the P(DMAEMA-co-

7.5%MABP) component. It swells more than the PDMS and induces bending in the material, as 

depicted in Figure A3.7a. In contrast, immersing the sample in toluene results in swelling of the 

PDMS, as seen in Figure A3.7b. The bilayer composite bending in the opposite direction as the 

hydrogel collapses, and PDMS layer swells.  
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Figure A3.7. The effect of swelling different components of the bilayer is seen when (a) 

P(DMAEMA+7.5%MABP) is swelled in methanol, and (b) PDMS layer is swelled in toluene. 

Scale bars = 0.5 cm. 

 

 Thermally active hydrogel PVP+10% 6+ASHTES layer is shown in a flat PDMS substrate 

in dried (cf. Figure A3.8a) and swelled states (cf. Figure A3.8b). When exposed to methanol, the 

hydrogel layer expands from approximately 110 μm to 290 μm. 

 

Figure A3.8. Cross-section showing the change in thickness of PVP+6ASHTES layer when going 

from (a) dry state to (b) swelled state. Arrow indicates the hydrogel layer on PDMS. Scale bar = 

200 μm. 
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In Chapter 5, we report the swelling behavior of the hydrogels as a function of cure time. 

This is reported as a change in mass of the gel as a result of exposure of solvent. We will relate the 

change in mass calculated in Figures 5.3b and 5.7b to change in thickness of a hydrogel film on 

flat PDMS, as depicted above. We can relate this change in mass to a change in the height of the 

hydrogel layer shown in Figures A3.5 and A3.8 as follows. Equation A3.1 gives the volumetric 

swelling ratio. 

𝑉𝑠𝑤𝑜𝑙𝑙𝑒𝑛

𝑉𝑑𝑟𝑦
=

𝑉𝑝+𝑉𝑆

𝑉𝑝
=

𝑚𝑝𝜌𝑝+𝑚𝑠𝜌𝑠

𝑚𝑝𝜌𝑝
  (A3.1) 

Here, Vswollen is the volume of the hydrogel in swollen state, and Vdry is the volume of the 

polymer in the dry state or the volume of the neat polymer. Vswelled is calculated as the sum of the 

volumes of the neat polymer Vp, and the neat solvent Vs. Each of these volumes is calculated using 

the respective densities and masses of the solvents and polymers. The density of methanol is 0.791 

g/mL, and the densities of PVP and PDMAEMA are approximated to be ~1 g/mL. Masses of 

solvents and polymers are obtained from the data used to calculate swelling ratios in Figures 5.3b 

and 5.7b. Once the volumetric ratios are calculated using this method, we can estimate a linear 

swelling ratio by taking the cube root of the volumetric swelling ratio, as shown in Equation A3.2. 

𝐿𝑠𝑤𝑜𝑙𝑙𝑒𝑛

𝐿𝑑𝑟𝑦
= (

𝑉𝑠𝑤𝑜𝑙𝑙𝑒𝑛

𝑉𝑑𝑟𝑦
)

1
3⁄

  (A3.2) 

By the method presented, we estimate the equivalent linear swelling of the P(DMAEMA-

co-7.5% MABP) UV-cured for 35 minutes from the data shown in Figure 5.3b to be 2.7, but the 

swelling ratio approximated from the change in layer thickness in Figure A3.5 is 2.3. Similarly, 

we also estimate that the equivalent linear swelling ratio of the PVP+10%6-ASHTES system from 

the data presented in Figure 5.7b after curing for 8 hours at 140˚C is approximately 2.8. Figure 

A3.8 indicates that the linear swelling ratio of ~ 2.5. The difference in the values calculated from 

the two methods can result from faster drying of solvent from the flat sample examined in Figure 

A3.8 compared to the vial used in the experiments described in Chapter 5. Also, the method used 

to prepare samples that are imaged above may lead to errors in the measurement of the layer 

thickness. 


