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Chapter 1

Introduction

Plants surfaces usually play a role of multifunctional interface between plant and

environment. The plant surfaces have developed over millions years of evolution

by the long lasting game of mutation and selection, which led to a large variety

of structural configurations. Micro- and nanoscale roughness, hairs, wax cover-

ages occur in different chemistry and morphologies and responsible for the large

structural biodiversity. Nature presents fascinating examples of plants, which have

inspired researchers to mimic their function, due to possesing some unique physi-

cal properties. Their properties include reflection of solar light [1], UV absorption

[2, 3], water transport [4], heat transfer [5], resistance against mechanical stress

[6, 7] and pathogen defence [8], self-cleaning [9], hydrophobicity [10] and temper-

ature regulation [11].

Lotus (Nelumbo nucifera) leaf is the icon of superhydrophobicity and self-cleaning

properties of plant surfaces. The most appealing effect is that the the self-cleaning

process is independent of chemistry of the contaminants, whether they are hy-

drophilic or hydrophobic. Due to surface morphology (doublestructured in the

micro- or nanometre range) as well as the low surface energy, the contact area

between a particle and the underlying solid is reduced considerably, resulting in

very low adhesion forces. Naturally, most adhering particles are removed from

the surface by rain or dew. The droplets of water take a spherical shape and roll

off easily taking away contaminants. The contaminations such as air pollutants,
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fungi, bacteria, dust particles and soot adhere to the water droplet that is carried

away resulting in a cleaned surface [12]. This effect is caused by weak van der

Waals attractions between the particle and the surface, whereas much stronger

capillary forces between the particle and an adhering water droplet occur. Thus,

self-cleaning effect of a lotus occurs on superhydrophobic leaves where water moves

over the surface to remove particles. However, even the unique structure of a lotus

leaf has certain limitations such as restricted oleophobicity, failure under pressure

or upon physical damage. Minimization of adhesion on solid surfaces is caused

by surface topographies that attenuate the contact area. In other words, if the

counterpart surface is rigid, microroughness decreases the real contact area and,

therefore, adhesion. If the counterpart surface is sticky and compliant (low elastic

modulus), it can adapt to microroughness. Hence, microroughness increases real

contact area and consequently adhesion. Classical self-cleaning surfaces showing

the Lotus effect are, therefore, not necessarily suitable models for the design of

universal anti-adhesive surfaces.

Carnivorous (animal eating) pitcher plants from genus Nepenthes have always fas-

cinated people due to their remarkable ability to feed on animals. These plants

usually grow in habits with poor on nutrients soils and derive the important nutri-

ents from captured insects and small animals. In their evolution, the carnivorous

plants have turned some of their leaves into specialized organs, which are called

”pitchers” and fulfill the trapping function. Nepenthes alata (N. alata) is one

of the most compelling pitcher plants with passive (work like a motionless pit-

fall) trapping organs. The pitcher of N. alata adapted to attract, capture, digest

and decompose its preys, mostly insects. It consists of several structural and

functional zones having specialized macro- and micromorphological features with

various functions [13]. The slippery zone of N. alata inside the pitcher plays a

crucial role in insect capturing due to the reduction of animal attachment to its

surface. Even insects with highly developed adhesive systems cannot adhere to

the waxy zone and slide into the pool of the digestive fluid at the bottom of the

pitcher, where they are trapped.

The main goal of this work was to design and investigate bioinspired surfaces
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mimicking the anti-adhesive properties of the slippery zone by minimization of

the real contact area not only with rigid, but also with soft and compliant coun-

terpart surfaces. The concept of minimization of the contact area was developed

by choosing of the appropriate surface topology such as monolayers of micro-

spheres with diameters of a few 10 µm. Two different approaches, dry and wet,

were investigated. The first method dealt with preparation of synthetic polymer

microsphere arrays decorated with nanorods. For this purpose, polystyrene (PS)

microsphere arrays with radii of several dozen of micrometers were utilized. The

second approach made use of with porous microsphere arrays as an example of

anti-adhesive surfaces. The polystyrene-block-poly(2-vinylpyridine) (PS-b-P2VP)

microsphere arrays were fabricated in a double replication process. In order to

examine the impact of surface chemistry on the anti-adhesive properties, thin

TiO2 films with different thicknesses were deposited on the pore walls of porous

microsphere arrays. In this kind of system, the adhesion force can be controlled

by supplying the liquid to surface through the pores or by changing humidity

conditions.



Chapter 2

State of the art

2.1 Anti-adhesion phenomena in the living na-

ture

2.1.1 Surface roughness: lotus leaf

In recent years, the plant surfaces possessing hierarchical micro- and nanostruc-

tures have attracted attention as potential for smart materials that mimic not

only the structure, but also many of their remarkable functions. Neinhuis and

Barthlott [14] investigated the micromorphological characteristics of more than

200 aquatic plant species. Their results pointed to the importance of roughness

and water-repellency as the basis of an anti-adhesive, self-cleaning surface as com-

pared to other functions of the structural hierarchy. The leaves of the lotus flower

exibited microscopic bumps (papillose epidermal cells) of size of ∼ 20 µm, cov-

ered in a water-repellent additional layer of epicuticular waxes with sizes ranging

from 200 nm to 1 µm, which trapped a layer of air between the bumps [15]. As

a consequence, water falling onto the leaf did not spread out, but rather formed

individual beadlike droplets that quickly slided off from the surface. In this study,

the contact angles of wax crystals in combination with papillose epidermal always

exceeded 150◦ while the sliding angles of water droplets were found to be less than

8



9

5◦. Hydrophobicity of a lotus leaf was also amplified by surface double structured

roughness [16]. The adhesion force between lotus leaf surface and contaminating

particles was reduced. The adhesion drop was primarily caused by presence of

roughness of the papillose leaves, which led to a reduced contact area between

particles and surface. However, liquids with a low surface tension such as various

oils and alcohols cannot form stable droplets on the layer of air and so still flow

between the microsized bumps, staining the surface.

2.1.2 Wet adhesion

Many plants and insects species evolutionary developed the outer surfaces densely

covered by microstructures which are responsible for the self-cleaning effect. To

adhere to plant leaves or any other surfaces, insects use locomotion system that

provides body support and allows gaiting perturbations caused by the environment

[17, 18]. Two different types of adhesion mechanisms, wet and dry, are commonly

utilized. In arthropods, lizards and tree frogs, the dry adhesive mechanism pri-

marily relies on intermolecular van der Waals forces between the fine structures

called spatulae and the surface [19–21]. The insects use adhesive pads decorated

with micrometer to nanometer-sized setae as well as hairy pads that secure its

cliimbing and hold on the substrate preventing animals from falling down [22].

The pads have an excellent ability of adaptation to natural surfaces due to its

tiny structure. Despite the diversity of climbing animals, their adhesive structures

come in only two basic designs. Both types of pads make use of liquid secretion to

deliver secretion close to the contact area. For example, adhesive pads of ants and

bees are smooth and possess a striking attachment capacity mediated by viscous

secretions (adhesive liquids) that are released through the pore canals onto the

surface of the pads [23–25]. Adhesion force between the pads and counterpart

surface, which is generated by capillary forces, increases due to the tension and

viscosity of the nanometer-thin liquid film. Generally, the adhesive fluid serves

to maximize contact on rough substrates. The secretion forms bridges between
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the ultrastructures of setae and the substrate. Usually, adhesion decreases as the

volume of the secretion is reduced.

It has been demonstrated that surface roughnesses can greatly decrease the insect

attachment ability by minimizing the contact area and rapid fluid absorption from

the pad surface by rough surfaces [26]. The most effectively adhesion force was

reduced on the porous non-smooth substrates due to absorption of the secretion

fluid from insect adhesive pads by porous media [27]. In this case, a reduction of

contact area was caused by surface roughness. Kovalev et al. developed a fluid loss

model, where the authors considered the fluid flows on substrates with different

roughness and different surface energy [28]. It was shown that an increase in the

density of the substrate structures leads to a higher in fluid loss from the pad. In

other words, substrates with a fine roughness take up pad fluid faster.

As it was mentioned above, secretions are delivered to the contact area by the

use of a system of pore canals. Federle et al. investigated the footprint fluid of

ants and bees and found that the adhesion secretion was rather heterogeneous.

The footprints consisted of two separate liquid phases: highly volatile hydrophilic

Liquid A and nonvolatile hydrophobic Liquid B [29]. The presence of Liquid A

depended on the nature of substrate while footprint material mainly consisted of

Liquid B. It was established that the viscosity of the adhesive liquids was highly

temperature dependent. Moreover, it was shown that the attachment ability of

insects was optimized to various environmental factors.

Besides the surface accommodation, some animals use their secretion to keep them-

selves clean. For instance, dung beetles Geotrupes or some tenebrionid beetles,

which live in extremely dirty conditions, keep their surface clean by continuous

secretion of an oil-like hydrophobic substance through the pore channels of the

cuticle [22]. This mechanism allows preventing of adherence of the hydrophilic

pollutant. Furthermore, depends upon the type and amount, the contaminant can

be even rinsed out of the surface by large amounts of the secretion, which depends

upon the type and amount.
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2.1.3 Influence of relative humidity on adhesion

Local weather patterns have a significant impact on insect behavior, development,

and survival [30]. The attachment ability of insects is dependent not only on

the temperature but also on the relative humidity of an air-water system. Rel-

ative humidity (RH ) can be defined as a measure of amount of water that the

air holds (absolute humidity) compared with the maximum that it can hold at

that temperature [31]. Biological activity is mostly encouraged at high RH. In

spiders and some lizards, where no secretion occurs, capillary forces may only be

generated by the presence of ambient water. It is suggested that adhesion between

the spatulae and counterpart surface is achieved by cohesive forces of a thin water

film that usually occurs on most natural surfaces. The experiments on geckos,

which were performed for a single gecko spatula at various atmospheric condi-

tions and surface chemistries, revealed that humidity contributes significantly to

adhesion due to averaged contribution of van der Waals and capillary forces [32].

Wolff et al. investigated the attachment of living spiders under different relative

humidities ranging from 15 to 99 % [33]. Spiders have the hairy attachment de-

vices that are not supplemented with fluid secretion (dry adhesive system). The

authors reported that attachment ability was significantly higher at an intermedi-

ate RH compared with that in a dry atmosphere and at high RH. The outcome

was explained by an increase in capillarity or changes in mechanical properties of

setae and spatulae owing to water absorption by the cuticle at an intermediate RH.

2.2 Biological model: Nepenthes alata

Could we find any materials that can solve any our everyday adhesive problems

such as contamination on glass surfaces, dusty traffic signs or illegal postering,

that repel dust, sticky dirt, moisture and insects? These are only few examples of

problems that still need to be addressed. Carnivorous pitcher plants have always

fascinated researchers due to their bright colors and remarkable ability to feed
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Figure 2.1: Nepenthes alata pitcher plant.

on animals. The slippery or waxy zone of the pitchers of carnivorous plants N.

alata (Figure 2.1), which is located under the ribbed rim, the peristome, inside the

pitcher, shows pronounced anti-adhesive properties [13]. Even insects with highly

developed adhesive systems cannot adhere to the slippery zone [34–37] and slide

into the digestive fluid pool at the bottom of the pitcher where they are trapped.

Although it is likely that these plants utilize a combination of two effects, such

as superhydrophobic physicochemical properties [38] and the surface roughness

[35, 36, 39] contributing to the anti-adhesive properties of the waxy zone.

The slippery zone in many Nepenthes species has a hierarchical structure com-

prising lunate cells (N. alata: height ∼9.5 µm, length ∼35 µm, width ∼7 µm)

[34, 37, 40, 41] as hierarchical level 1 as well as superimposed lower and upper

epicuticular wax layers as hierarchical levels 2 and 3 [35, 39, 42–44]. Relatively

large prominent lunate cells, scattered between tabular epidermal cells, occur in

a great number (ca. 480 cells per mm2) and are regularly distributed singly over

the surface, whereas microscopic wax crystals on top of both cell types form a

continuous coverage. Lunate cells are responsible for the surface relief of 10 and

more microns in height, whereas the wax coverage creates an additional roughness

in the range of about 2 µm (Ra = 1.909 µm, rms = 2.378 µm) [13].
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At the present time, there are four hypotheses, which describing how the plant

surfaces covered with 3D crystalline epicuticular wax prevent the insect attach-

ment [26]:

1) The total adhesion force between the surfaces depends directly on the area

of real contact. The roughness hypothesis proposes that the decrease of real

contact area between the insect adhesive pads and the plant substrate is caused

by surface micro-roughness. In case of Nepenthes alata, the shape of lunate cells

as well as wax layers’ surface roughness contribute to the reduction.

2) Another explanation is the fluid absorption hypothesis, which assumes that

plant waxes can be wetted with secretion of insects consisting of oily substances.

Structured wax coverage may absorb the fluid from tenent setal surface.

3) The wax-dissolving hypothesis is based on the assumption that the dissolv-

ing of the wax crystals by the pad secretion leads to slipperiness and hydroplaning

of the waxy substrate. The thick layer of liquid results in prevention of insects

adhesion.

4) For the pitcher surface, it was proposed that fragile and brittle wax crystals

can be easily broken so that the insect pads become contaminated when the insect

walks on a waxy plant. This idea is known as the contamination hypothesis.

To summarize the above-mentioned, the presence of wax crystals, their small size

and density affect on insects attachment ability by prevention claws interlocking

with crystals, in order to climb up the pitcher wall [13]. In this study, the rough-

ness effect was examined and analyzed in detail, assuming that the anisotropy of

the biological model is not required for most technical applications.

2.3 Bio-inspired strategies for anti-adhesive ma-

terials

Among the origins of anti-adhesive behaviour, surface topographies leading to a

decrease in the actual contact area with a counterpart surface play a prominent
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Figure 2.2: An example of biomimetic approach: hierarchically organised anti-
adhesive materials. (a) Biological model of the slippery zone of Nepenthes alata
pitcher plant that bears a hierarchical structure on a micro- and nanoscales.
First hierarchical level (lunate cells) is colored green; second level, which corre-
spond to mechanically stable interconnected wax crystals, is represented in red;
third hierarchical level consisting of irregular separate plate-like wax crystals
is shown in blue. (b) Biomimetic hierarchical model that imitate the complex
structure of the slippery zone in N. alata pitchers. First hierarchical level can
be mimicked by self-assembled monolayer of microspheres or ellipsoids with an
appropriate size (green). The imitation of the complex structure of the wax
coverage (red and blue) by synthetic materials should be done with respect to

their anti-adhesive properties to rigid and elastic counterpart surfaces.

role (Figure 2.2). The pull-off force (also referred to as adhesion force) FAd between

two contacting counterpart surfaces can be reduced by topographies that minimize

the contact area. Focussing on topographic effects, anti-adhesive behaviour can

be considered as a topography-induced reduction of FAd in comparison with flat

reference surfaces. Focussing on surface chemistry, anti-adhesive behaviour can

be considered as a drop of FAd due to a variation in the chemical nature of a

surface while other parameters such as topography are kept unaltered. Developing

artificial anti-adhesive systems, which mimic the properties of slippery zone of N.

alata pitcher plant, requires addressing design issues including finding of suitable

topographies, which have similar roughness parameters as the slippery zone.
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2.3.1 Biomimetic level 1

2.3.2 Microsphere arrays by self-assembly

Self-assembly of spherical particles

Assuming that the anisotropy of the biological model is not required for most tech-

nical applications, first biomimetic level 1 could be generated from microsphere

monolayers. Microsphere have recently received much interest owing to their sim-

ple fabrication and their natural ability to self-assemble [45–48]. Self-assembly

(SA) can be defined as a thermodynamic process when the system spontaneously

assembles itself from its pre-existing components into the dense-packed monolayer

due to weak (e.g. Van der Waals, capillary, π-π, hydrogen bonds) interaction

between the building blocks. The ability of molecules and objects to pack tight

is usually driven by the minimization of the Gibbs free energy. Spontaneous SA

of colloidal micro- and nanostructures is often viewed as a bottom-up alternative

to lithographic techniques. SA processes are common at all length scales: from

nano, micro, to macroscales. A variety of SA arrays is produced by controlling the

hydrophobicity of the sides of the objects [49].

Deposition of polymer spherical particles from aqueous solution is the most facile

method for preparing two-dimensional (2D) microsphere monolayers. Among the

polymers, PS and poly(methyl methacrylate) (PMMA) are most commonly used

for production monodisperse polymer microspheres due to a large number of syn-

thetic routes [50]. Due to nonsymmetrical distribution of electron charge, the water

molecules tend to draw toward each other and away from the substances with more

equal electron distribution. In case of PS spheres, hydrophobic PS particles group

together in the presence of water (hydrophilic), in order to minimize the surface

area exposed to the hydrophilic regions [51, 52]. Spherical particles tend to stay in

the potential minima that leads to hexagonally ordered arrangement of particles

in arrays. The nature of substrate is also of great importance. Planar surfaces,

such as silicon, glass and metals, or curved surfaces, such as macroscopic particles

can be applied. For a stronger interaction between particles and substrate, the
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last one can be treated with an appropriate surfactant.

Sphere packing

As it was mentioned above, PS microspheres on a planar substrate pack into a

hexagonally ordered array. Sphere packing can be carried out in one, two and three

dimensions [53–57]. Furthermore, Denkov et al. studied a dynamics of 2D crys-

tallization using a suspension containing monodisperse latex particles of 1.7 µm

in diameter [54]. A solution of particles was spread over a horizintal hydrophilic

glass substrate encircled by a teflon ring. Their experiments revealed that 2D

crystallization always started when the thickness of the water layer became equal

to the particle diameter. It was also shown that the crystal growth is caused by

a convective transport of particles toward the ordered nucleus. The sphereical

particles may be also identical or different sizes [58, 59].

If we project a sphere onto the plane, the projection will come out as a circle

or an ellipse. In two dimensions, there are two periodic circle packings for iden-

tical circles: square lattice and hexagonal lattice. The packing density of the

two-dimensional arrays of hard microspheres deposited onto a given substrate is

defined to be a fraction of the area that is occupied by their projections (circles).

The optimal density depends on the size and shape of the substrate and relative

sizes of packed together spheres and the substrate. In order to minimize the po-

tential energy of the system, sphere tend to pack into a close-packed sphere layer

having a hexagonal arrangement. In this case, the number of spheres, which are

arranged around the central sphere in such a way that all the surrounding spheres

just touch the central sphere in hexagonal lattice is equal to 6. Any pair of spheres

can be linked via neighboring identical pair with center distances 2rs, where rs is

the radius of sphere. In the close packing, spheres cover 90.69 % of the substrate

area [60]. In case of identical sizes, we find the approximate number of spherical

particles N with area of As located on the substrate of area Asub: N = 0.9069

Asub/As. Calculation of the optimal packing of non-identical spheres in a two-

dimensional space is a sophisticated problem. Driving forces lead to separation

of the spheres into regions of close-packed equal spheres. The packing densities
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of spheres of two different sizes was calculated for different ratios of the radii of

the spheres [61]. The highest packing density in the Euclidean plane amounted to

91.16 % for a radius ratio of 0.546 [62, 63]. The density of randomly packed hard

spheres in a volume amounted to 63.66 % [64].

Synthesis of 2D sphere arrays

To test the reaction of insect adhesive pads on an artificial materials, strategies to

produce bioinspired anti-adhesive surfaces should allow up-scaling so that high-

throughput production of large areas is achievable. Self-ordered colloidal micro-

sphere arrays consisting of silica or polymers, such as PS or PMMA, offer ideal

models for artificial surface topographies distributed over large area. Due to a

wide variety of sizes and materials, self-assembled microspheres provide a solid

platform for fabrication of homogeneous well-ordered functional arrays with the

pronounced anti-adhesive properties. Ordered two-dimensional (2D) arrays of mi-

crospheres arise under the action of capillary forces and growth through convective

particle fluxes.

One of the simplest controlled ways to produce a homogeneous particle arrays is

dip-coating technique [65]. Dimitrov and Nagayama investigated the deposition

of the PS particles with diameters ranging from 79 to 2106 nm. The experiments

were done as following: a clean, wettable, glass plate was dipped into a suspension

of spherical particles. Then, the plate was kept stationary in order to grow a mono-

layer particle arrays. The formation of a monolayer or multilayer of PS spherical

particles was successfully accomplished by slowly withdrawing the substrate from

suspension. The acceleration or deceleration of the array production was governed

by changing the environmental conditions such as humidity and temperature; and

particle volume fraction. An experimental study of dependence of growth rate of

monolayer particle arrays on the particle diameter showed that the evaporation

rate does not depend on the particle diameter.
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Another approach to form thin film with controlled number of particle layers is to

apply the flow cell technique [66]. This method allows the rapid formation of

crystalline lattices of mesoscale particles over large area of about 1 cm2. Briefly,

an aqueous solution of PS beads with diameters from 0.22 to 0.48 µm was injected

into specially designed packing cell consisted of two glass substrates and a square

frame of photoresist. The thickness of the cell was determined by the thickness

of the photoresist film varied from 0.5 up to 50 µm. The depth of channels is a

function of the particle size. A positive pressure of N2 gas was applied through

the glass tube to force water to flow through the channels. As a result, the par-

ticles were accumulated at the bottom of the cell and got self-assembled into a

close-packed structure under continuous sonication. The rate of packing of PS is

directly proportional to pressure of N2. To evaporate the solvent, the cell was

cured in the oven at 65 ◦C for 6 h. After the removal of top substrate, a free

standing polymer film consisting of one up to a fifty layers of PS bead arrays was

obtained.

The isothermal heating evaporation-induced self-assembly (IHEISA) method

proves to be successful for self-assembling of silica spheres without any limitations

imposed by silica sphere size [67]. According to a preparation procedure, silica

sphere dispersions (in ethanol) were left to evaporate from a cylindrical vial in

order to deposit high-quality thin colloidal crystal films on a vertically held glass

slide placed in a vial. In short, the vial containing a silica sphere dispersions was

totally immersed in an isothermal deposition chamber and heated to ∼ 79.8 ◦C

(slightly above the boiling point of ethanol) to induce the convection patterns. The

heating chamber containing heat exchange coil was filled with ethylene glycol. It

was observed that the film deposition only occurred when the level of the ethanol

was below the level of liquid in the heating apparatus. Different film thicknesses

were obtained by varying of the concentrations of silica sphere dispersions.

Spin-coating technique is commonly used for rapid deposition of a suspension

of colloidal spheres onto a flat substrate [68]. Initially, a small amount of coating
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suspension is applied at the center of the wettable substrate. The substrate is

then rotated at high speed in order to spread the fluid by centrifugal force. Dur-

ing centrifugal spreading, the colloid particles organize themselves into hexagonal

arrays. The applied solvent is usually volatile, and simultaneously evaporates.

Wang et al. prepared binary colloidal crystals by consecutively spin coating layers

of large or small particles [69]. Briefly, large silica spheres with diameters of 891

nm or 442 nm were first assembled onto a glass slide at a spin speed of 3000 rpm

for 30 s. Further, the small silica spheres with diameters of 519, 442 or 222 nm

were spin-coated at 3000 rpm for additional 30 s on the already prepared layer

of large spheres so that the spaces between the large spheres were filled completely.

Generally, microsphere monolayers, which are formed onto the solid substrates

are also mechanically unstable when adhesion is measured. Jiang and McFar-

land reported photopolymerization of a monomer covering the microspheres as

additional steps to be followed in stabilizing of three-dimensionally (3D) ordered

colloidal crystals trapped inside a polymer matrix [70]. Exposure of the sample to

temperatures higher than glass transition temperature of polystyrene improve the

mechanical stability of polymeric microstructures [71]. In case of PS microsphere

arrays, annealing results in neck formation between adjacent spheres. Mazur et al.

examined the effects of particle size on sintering of amorphous polymer colloids

at temperatures at or above the glass temperature Tg [72]. Sintering of larger

polymeric microspheres involves viscous flow of the polymer, thus requiring high

temperatures and a long heating time. All the methods reported above exhibit

low mechanical stability for adhesion test.

A low-cost technique for fabrication of highly-ordered mechanically stable 2D poly-

mer microsphere monolayers was proposed by Nam et al. [73]. The authors demon-

strated a reproducible soft-lithography based approach for microlenses fabrication

by two-step replica molding of PDMS and UV-curable photopolymer from the

monolayer of PS nanospheres. Even after more than 100 replications, the PDMS

templates stay still intact and can be reused again. Non-dense microsphere mono-

layers can be also fabricated by spin-coating of suspension of microsphres onto a
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flat surface with subsequent mechanical stabilization [58, 70, 71]. The cited pa-

pers deal with microsphere arrays having diameters from micron to sub-micron

range. The double-replication procedure reported by Nam et al. was slightly

adapted by Rengarajan et al. [74]. High-throughput replication molding of mi-

crosphere monolayers used as sacrificial primary templates via negative secondary

replicas and positive tertiary replicas yielded elastomeric specimens containing

dense hexagonal arrays of open spherical microcavities. Subsequently, the arrays

of open half-spherical microcavities were filled with functional materials.

2.3.3 Additional biomimetic hierarchical levels

Hierarchically structured synthetic materials have many unique performances and

hence the potential applications in different fields. Sintetic micro/nanostructures

with periodic or regular arrangement arrangment have attracted much interest due

to their practical application in self-powered and multifunctional electronic [75],

energy harvesting and storage devices [76], microfluidic devices [77] or as sensors

[78].

Normally, microsized structured arrays are first created by traditional lithographic

techniques, including photolithography, electron beam lithography, scanning tun-

neling microscopy and atomic force microscopy lithography [79] or by using tem-

plating based technique. The latter option enables creating periodic colloidal

sphere arrays with hexagonal close-packed arrangement. Then, the nanostruc-

tures are introduced or transferred on the microsized units in the array, which

serves as a substrate, and thus hierarchical micro/nanostructured arrays are ob-

tained. The morphology of the nanostructures can be manipulated, for example,

by thermal annealing or laser irradiation.
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2.3.3.1 Nanoparticles on microsphere arrays

Monolayer of microspheres are often directly used as a template to prepare mi-

cro/nanostructured arrays by combining colloidal templates with different types

of nanostructures such as nanoparticle arrays, nanowire, pore arrays, nanoring

arrays, nanobowl arrays and hollow sphere arrays.

Thermal decomposition

In the thermal decomposition process, the overheating leads to both physical (melt-

ing and charring) and chemical (oxidation) changes of mechanical properties of a

material. The processes occurring during the thermal decomposition are deter-

mined by the nature of the material. Li et al. introduced a route for prepar-

ing bionic superhydrophobic hierarchical micro/nanostructures on flat and convex

glass substrates by using of low temperature decomposition [80]. Monolayers of

PS microspheres having diameters of 1.3 µm and 5 µm were fabricated on a glass

substrate by spin-coating of PS microsphere suspension. Then, PS monolaers were

dipped into the silver acetate (AgAc) solution of 0.5 M with an inclination angle of

30◦ and and pilled off the surface subsequently. In order to create polymer mono-

layers on the curved glass tubes with outer diameters of 1.4 and 4.87 mm, the

floated in AgAc solution PS microsphere arrays were transferred onto the curved

glass surface while retaining its integrality. The AgAc solution formed a thin coat-

ing on the PS mololayers of colloidal crystals. After heating at 200 ◦C for 3 hours,

AgAc thin film was converted into silver nanoparticles with an average size of 180

nm. The monolayer of PS microspheres decorated with silver nanoparticles were

obtained. In the presented method, the distribution density of silver nanoparti-

cles is controlled by changing the concentration of AgAc precursor. The number

of nanoparticles decreases with a lower precursor concentration. The preparation

route can be used on curved surfaces for miniaturized aquatic devices operating

on water or under water and lossless liquid transportation channels.

Pulsed laser deposition

Another interesting approach for fabrication of micro/nanostructured surfaces is
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a pulsed laser deposition (PLD) which is used to melt, evaporate and ionize the

material of a target [81]. In the PLD process, the material is heated by the ab-

sorbed laser energy and evaporates. The vaporized material consisting of neutrals,

ions, electrons etc. produce highly luminous plasma plume that expands rapidly

away from the target surface and then condenses or deposits as a film on the sub-

strate. Film growth occurs on a substrate upon which some of the plume material

condenses. Pulsed-laser deposition can be used for a wide range of materials such

as Au, Ag, Pt, Si, Y, Zr, ZnO, TiO2, Fe2O3, rare-earth-doped phosphate glasses,

boron nitride, carbon nitride and diamond-like carbon.

Hierarchical micro/nanostructured materials, which are composed of colloidal mono-

layer with nanorods stand vertically on the top of the PS colloidal spheres, were

fabricated by Li et al. [82]. This method allows to prepare hierarchical nanocol-

umn arrays from different materials such as Au, Ag, Pt, Si, TiO2,CuO, Fe2O3,

ZnO, SnO2, WO3 by changing the target in the PLD process. The PS colloidal

monolayer of nanospheres with a diameter of 350 nm was used as a primary tem-

plate. Briefly, PS monolayers were initially spin-coated onto a Si substrate. Then,

PS monolayers were placed in a deposition chamber where PLD was carried out.

A laser beam with a 355 nm wavelength from a Q-switched Nd:YAG laser, op-

erated at 10 Hz with 100 mJ/pulse and a pulse width of 7 ns was applied and

focused on the target surface with a diameter of about 2 mm. Thus, deposition

was performed in O2 as a background gas at room temperature. The desired target

materials were used for deposition. Then, the hierarchical micro/nanostructured

arrays could be peeled off from the substrate by dissolving in an organic solution.

The fabrication method allows for creation of micro/nanodevices on any desired

substrate.

2.3.3.2 Hot-embossing of monolayers with an anodic aluminium oxide

Besides lithography, self-ordered anodic aluminum oxide (AAO) templates are of-

ten applied to fabricate micro/nanostructured arrays. This method has the advan-

tages of cheapness, stability, controllable pore diameters, periodicity and density
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distribution . Due to a small size, the structures of Level 2 can be introduced by

embossing the microspheres with nanoporous alumina moulds accessible by spe-

cial anodization procedures or by replication of the microspheres with nanoporous

materials, having bicontinuous morphology. The anodization is an electrochemical

process that changes the surface chemistry of the metal, via oxidation, to produce

an anodic oxide layer. Oxide layers generated during anodization can be produced

on aluminum (Al) [83]. The Al host membranes are widely utilized in the manu-

facture of nanomaterials due to a low cost, a large useful area, a highly controllable

pore diameter, periodicity and density distribution.

Chen et al. presented a method for preparation of hierarchical structures, which

combined the self assembly of PS microspheres into hexagonal arrays with cap-

illary force that drew polymer into nanopores of AAO templates [84]. Briefly, a

PS microsphere solution (mixture of PS microspheres 2.5 (w/v) with water and

ethanol (1:1)) was spread onto a Si wafer and dried for 24 h under ambient condi-

tions. In order to generate a second length scale of ordering on the self-assembled

microspheres with sizes of 300 nm, 500 nm, 700 nm, 1 µm, and 2 µm, an AAO

template with the desired pore diameter (15 or 40 nm) and a pore length of 100

µm was placed on top of the microspheres and heated above the glass transition

temperature of PS (Tg=105 ◦C). The length of PS nanorods inside the pores was

dependent on annealing time. The annealing was performed at 120 ◦C for 2 h.

The bottom of PS microspheres in contact with AAO were drawn into the pores

by capillary forces. Subsequently, PS nanorods were released by dissolving the alu-

mina template with a 5 % of NaOH(aq) solution. Thus, the hierarchical polymer

structures with well-defined multi-scale features were obtained upon embossing

the PS microspheres using a AAO membrane (Figure 2.3).

2.3.3.3 Low temperature atomic layer deposition (ALD)

Low temperature ALD is an effective method for improving the mechanical sta-

bility of micro and nanostructures. Atomic layer deposition (ALD) is a thin film

deposition technique that enables self-limiting layer-by-layer growth with atomic
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Figure 2.3: Schema for preparation of PS microspheres capped with nanorods
by hot embossing with anodic aluminium oxide.

scale precision and large area uniformity. The majority of ALD surface reaction

use at least two gas phase precursors, which are pulled into the process chamber

where substrate is located. Both precursors are never present simultaneously in

the reactor. They are inserted as a series of sequential, non-overlapping pulses,

separated by evacuation steps. The first precursor of gas introduced into the re-

action space produces a monolayer of gas onto the substrate surface. Then, the

second precursor of gas reacts with the first precursor, in order to generate a mono-

layer of film onto the substrate. Amount of material deposited per a reaction cycle

is controlled by exposure time (defined as vapor pressure multiplied by the time

of the vapor contact). Variation the number of deposition cycles enables precise

thickness control of thin film. ALD has been developed for oxides, nitrides, car-

bides, fluorides and also for at least 19 pure chemical elements such as Ru, Pt,

Ir, Pd, Rh, Ag, Cu, Ni, Co, Fe, Mn, Ta, W, Mo, Ti, Al, Si, Ge, Sb [85]. As

an example, a low temperature ALD cycle is discussed below for deposition of

TiO2 from suitable chemical precursors such as titanium tetrachloride (TiCl4) and

water (H2O) onto a silica (SiO2) planar surface. Both of these precursors require

relatively low temperatures to produce a useful amount of vapor. The following

reactions describe the growth of TiO2 onto the SiO2 substrate:



25

(Si−OH)n + TiCln −→ (Si−O−)nTiCl4−n + nHCl

(Si−O−)nTiCl4−n + (4− n)H2O −→

−→ (Si−O−)nTiO2(OH)2−n + (4− n)HCl

(2.1)

where n=1, 2. Upon contact with SiO2 it forms titanium dioxide (TiO2) and hy-

drogen chloride (HCl). Repeating the TiCl2 and H2O cycle leads to increasing of

TiO2 layer. The mechanism of TiO2 growth is more complicated than the reactions

presented above and it is also temperature dependent. The reactions mechanism

is given in detail, for example, by Gu et al. [86].

A diversity of nanostructures can be synthesized using ALD due to a wide va-

riety of useful materials, wide operation temperature and precursor adaptability.

Using a colloidal monolayer as a template, Li et al. prepared 2D ordered ar-

rays of Au semishells on TiO2 hollow spheres by using nanosphere monolayer

self-assembly, atomic layer deposition and metal evaporation [87]. Wang et al.

presented a method for the large-scale fabrication of ordered TiO2 nanobowl ar-

rays [88]. Briefly, colloidal monolayer of PS spheres was coated with TiO2 by ALD

with subsequently removing of top-half of the sphere by using of beam milling.

Then, the PS hemispheres left on the substrate were etched by toluene. Thus,

periodic arrays of TO2 nanobowls ware finally obtained. This approach can be

extended to a wide range of coating materials and substrates. Moreover, ALD

was also used to prepare the tungsten nitride inverse opal structured materials by

utilizing of 3D colloidal crystal templates [89]. Adjusting the topographical and

chemical design of material surfaces paves the way for a design of new materials

with controlled anti-adhesive properties with a wide range of practical applications.
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2.4 Mesoporous polymer structures as biomimetic

levels 1 and 2

2.4.1 Slippery liquid infused porous surfaces (SLIPS)

Adhesion in biological and technical systems is frequently affected or even con-

trolled by liquids at the contact interface. Inspured by the insect trapping mech-

anism of peristome of Nepenthes pitcher plants, the slippery liquid infused porous

surface (SLIPS), repellent to various liquids, relies on the immobilization of lubri-

cants within porous scaffolds [90]. In other words, SLIPS has a porous surface,

which main function is to hold the lubricating liquid in place of air inside the pores.

From a fabrication standpoint, the texture of the solid substrate can be derived

by casting, growing or etching porous texture directly on material with depend-

ing on specific applications liquids. Here, the SLIPS was prepared by infiltrating

low-surface-energy porous solids such as random network of Teflon nano-fibres or

periodically ordered arrays of nanoposts functionalized with a low-surface-energy

polyfluoroalkyl silane with lubricating perfluorinated liquids. The presented tech-

nology showed a wide diversity of practical applications such as excellent self-

cleaning, self-healing, anti-icing [91, 92], antibiofouling [93] properties as well as

pressure stability [94] and enhanced optical transparency [95].

2.4.2 Hierarchical porous polymer materials from block

copolymers (BCP)

The block copolymers consist of two or more blocks consisting of the same type

of repeat unit in one molecule linked together by covalent bonds and may pos-

sess the properties of all constituent homopolymers. According to the number of

blocks, a block copolymer is called di- , tri- or multi – block copolymer. Due to

strong repulsion between the chemically distinct blocks, the polymer chain tends to

segregate on the molecular level (microphase separation). The immiscible blocks
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may assemble into domains characterized by spherical, cylindrical, and lamellar

morphologies [96, 97]. By manipulating the volume fractions of the BCP con-

stituent blocks, it is possible to obtain the BCPs with differnt nanoscopic domain

structures. Exposing BCPs to solvents preferentially selective to one block causes

swelling of the domains composed of this block. Strong swelling in the confinement

imposed by the matrix of the other glassy block leads to morphology reconstruc-

tion [98]. As the solvent evaporates, the swollen minority blocks collapse while the

majority domains fixate the reconstructed morphology. As a result, mesopores are

formed in place of the swollen minority domains [99–102]. The pore size could be

varied from 10 to 100 nm depending on the amount of added copolymer ingredient.

2.4.3 Topographically structured polymer surfaces allow-

ing the fluid supply

The presence of liquid at the contact interface attenuates adhesion [90, 92]. Drotlef

et al. designed surfaces that combine microstructure and hydrophilicity by mimick-

ing the surface structure of tree-frog toe-pads [103]. The authors fabricated arrays

of hexagonal PDMS micropillars with different tip geometries (flat, T-shape and

concave) separated by channels. The adhesion force was measured in the presence

of 0.1 µl glycerol at the contact interface. Their results demonstrate that T-shape

microstructures (pillar diameter 15 µm, pillar hight 10 µm) exhibited a five-times

higher adhesion force than a flat surface, while concave terminated micropillars

showed a 30% lower adhesion than a flat surface. The chanel width was about 5

µm.

Xue et al. prepared artificial, topographically patterned specimens consisting of

the block copolymer PS-b-P2VP, which contained continuous, spongy like nanopore

systems with pore diameters of a few 10 nm [104]. The mineral oil was supplied to

the contact interfaces through the pores. In this studies, the nanoporous adhesive

pads with hemispherical tips 300 nm in diameter and the length of 1.5 µm (Figure
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2.4) were investigated. A nearest-neighbour distance between the tips (lattice con-

stant) was about 500 nm. Brifly, PS-b-P2VP film was infiltrated into AAO at 220

◦C for 48 h while applying a load of 160 mbar. Then, AAO was selectively etched

by using wet-chemical etching methods. Finaly, nonporous replica of AAO was

obtained. To generate pore system, the samples were then immersed in ethanol for

4 hours. The mineral oil was delivered from the smooth porous underside opposite

to the nanorods. Adhesion measurements were performed by employing spherical

sapphire probes with a diameter of 3 mm mounted on metal springs with a spring

constant of 69.8 Nm−1 at RH s of 25 and 90 %. Applied loading force was varied

in the range from 45 to 800 µm. The nanoporous fibrillar adhesive pads were

designed for strong adhesion via the contact splitting principle [105, 106]. Experi-

mental data showed that supply of the mineral oil to the contact interface and the

humidity-induced softening of adhesive pads resulted in an increase in adhesion

force by two orders of magnitude. Besides adhesion force, the work of adhesion

required to separate the solid–solid contact as well as the work of adhesion asso-

ciated with the capillary contribution were investigated. An increase in work of

adhesion of solid–solid interaction by nearly one order of magnitude when RH is

increased from 25 to 90 % was observed. The work of adhesion required to stretch

and rupture all the liquid bridges was independent on RH. This approach underlies

strong adhesive contact between a fibrillar adhesive pad and a rough counterpart

surface and involves the formation of a large number of discrete focal contacts

between the fibrillar contact elements and the rough counterpart surface. Since

only a few local contacts need to be loosened for detachment, contact splitting

allows for a reversible formation of strong adhesive contact in a large number of

successive attachment-detachment cycles. Direct solid–solid interactions between

nanoporous adhesive pad and counterpart surface (sapphire sphere), as well as

capillary contributions related to the presence of adhesive liquids at the contact

interface have been considered as the reason for the adhesion enhancement and

increase in the work of adhesion by two orders of magnitude. The above described

work demonstrated that the adhesion or pull-off force of structured surfaces is

strongly influenced by contact geometry and how liquid wetted the surface. In
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Figure 2.4: Porous nanorods with hemispherical tips.

this way, combining both fluid- and topography-based anti-adhesion mechanisms

represents a great potential.

2.4.4 Influence of humidity on adhesion of artificial sur-

faces

The influence of humidity on the adhesive properties of topographically structured

artificial surfaces has not been investigated widely. However, a short overview of

the most important and related studies is given below. Buhl et al. studied the

influence of humidity on the adhesive performance of flat poly(dimethyl siloxane)

(PDMS) test surfaces and arrays of flat-ended PDMS micropillars with diameters

between 2.5 µm and 25 µm [107]. Two different tip shapes were investigated:

flat punchlike and hemispherical. The micropillars were fabricated by using litho-

graphical method so that the pillars aspect ratio was kept at 1. Spherical sapphire
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probe with a diameter of 5 mm mounted onto a four-leaf force sensing spring with

a stiffness of 309 Nm−1 was used for adhesion tests. All samples were preloaded

with a loading forces ranging from 0 to 3.5 mN. To study the influence of humidity

on adhesive properties of PDMS micropillars, the ambient humidity was system-

atically changed from 2 to 90 %. The authors recognized that humidity did not

affect adhesion on flat PDMS reference samples. However, for arrays of thin pillars

adhesion strongly decreased (by up to 35 %) along with increasing humidity. The

effect was found to be stronger for the hemispherical tip shape. On the other hand,

humidity-induced softening of the setal keratin reduceed the stiffness of adhesive

gecko foot hairs, which in turn resulted in an increased adhesion [108].

It was reported that FAd on nanoporous fibrillar PS-b-P2VP adhesive pads with

fibril diameters of 300 nm and length of 1.5 µm could be reversibly switched be-

tween a low-adhesion state at low RH (2 %) and a high-adhesion state at high RH

(90 %) [104]. The adhesive pads having a hemispherical and foot-like tip shapes

were investigated. The adhesion tests were conducted using a sapphire spherical

indenter with a radius of 1.5 mm. The pull-off force between the fibrillar pads

and sapphire probe was measured as a function of relative humidity. The authors

showed that FAd in the high-adhesion state was one order of magnitude higher

than FAd in the low adhesion state. In contrast, the adhesion force on nonporous

adhesive pads increased only by a factor of 3.3. The enhanced adhesion has been

related to the presence of pores. This performance is achieved by a reduction of

the effective elastic moduli of porous fibrillar adhesive pads caused by humidity-

induced decrease in stiffness of the polar P2VP component.

2.5 Techniques for characterizing the adhesive

properties of the materials

Most of the adhesion experiments provide information on the forces arising be-

tween two surfaces in form of the recorded force as a function of force-distance
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curves (force-law). The simplest method for obtaining force-distance curves is

to bring two bodies close together and directly measure the changes in force be-

tween them. The challenges arise in measuring very weak forces at very small

separations. Such experiments are important, for example, in xerography, powder

technology, the making of adhesive films and ceramic processing.

2.5.1 Basic setup for adhesion measurement

Adhesion force measurements are commonly characterized by a reasonably small

set of parameters. The surface geometry (for example, surface radii Ri), the force

function F (d), where d is the distance between the sample and probe, and the

effective elastic modulus E∗ of materials in contact are three reliable parameters

that define a system and determine its behavior [22]. Figure 2.5 represents a

typical force–displacement curve for adhesive contact.

A typical set-up for adhesion detection includes a spherical probe attached to a

spring of known stiffness k and a sample. When the sample is moved towards

the probe in the z-direction, the spring is compressed and normal force Fn is

generated. The spring extension ∆d (the difference between the initial and the

current position of the spring) is proportional to a force according to the Hooke’s

law (for ideal spring):

Fn = −k∆d (2.2)

When the the desired loading condition is reached, the retraction process starts

and the spring expands. The probe retracts until the initial position d0. The

further expansion of the spring provides information about the adhesion between

surfaces. When the force of the spring equals the attracting force at the point

dmax, the contact breaks. Then, the adhesion force FAd can be calculated from:

FAd = −k(dmax − d0) (2.3)
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Figure 2.5: The experimental force-displacement curve measured between
PDMS half-sphere and flat PS surface. The curve can be roughly divided into
the approaching and retraction parts. Retraction of the PDMS probe started
immediately after a loading force FL was reached. FAd and dmax, the adhe-
sion force and displacement at maximum adhesion; dL is the displacement at

maximum load; d0 is the displacement of the unloading curve by zero load.

2.6 Adhesion contact theories

If two bodies are brought into contact with one another by forces perpendicular

to their surfaces, pressures and adhesion arising during compression are also per-

pendicular to the contacting surfaces of the bodies. In this work, it is assumed

that there are no frictional forces present in the contact area. Most of the ex-

isting contact models are based on an assumption that the contacting surfaces

are spherical and ideally smooth. As one of the radii of the surfaces converges to

infinity, the contact of sphere and flat surface can be considered. Recent mod-

els take into consideration the effect of surface roughness on adhesion. The most

common of the existing models are summarized below. At the moment, there is no

appropriate model, which can quantitatively describe a wet adhesivion mechanism.
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2.6.1 Non-adhesive elastic contact

2.6.1.1 Hertzian theory of elastic deformation

The Hertzian theory [109] describes non-adhesive frictionless elastic contact be-

tween a rigid half-sphere and an elastic half-space. This theory can be applied to

dry surfaces under compression. Herz found that the contact radius aH of a finite

contact area is related to the applied load F, the radius of spherical indenter R

and the elastic properties of contacting materials E∗:

a3H =
3FR

4E∗ (2.4)

where

(1− υ2)
E∗ =

(1− υ21)

E1

+
(1− υ22)

E2

(2.5)

and E1, E2 are the elastic moduli and υ1, υ2 the Poisson’s ratio of the indenter

and the elastic half-space, respectively. The distribution of normal pressure in the

circle-shape contact area as a function of distance from the center of the circle is:

p(r) = p0[1−
r2

a2H
]
1
2 (2.6)

where p0 is the maximum contact pressure given by

p0 =
3F

2πa2H
(2.7)

The results from Hertzian theory can also be used to describe the contact between

two elastic bodies with rough surfaces. If the contacting bodies are spheres with
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Figure 2.6: Two elastic spheres with radii R1 and R2 in contact. a is a contact
radius.

the radii R1 and R2, then R in equation 2.4 is the equivalent radius given by:

1

R
=

1

R1

+
1

R2

(2.8)

The classical solution for adhesion force in case of non-adhesive elastic contact is:

FAd = −4

3
∆γπR (2.9)

2.6.2 Adhesive elastic contact

2.6.2.1 Johnson-Kendall-Roberts (JKR) model

At small scales, the attractive forces (for example, Van der Waals forces) that pull

two surfaces together give rise to a finite contact area even under a zero external

load. Therefore, the real area of contact is usually larger than that estimated

by the Hertz model. To incorporate adhesion into Hertzian contact, Johnson et

al. developed the JKR theory that predicts the real contact area and adhesion

between two solid spheres (Figure 2.6) [110]. The JKR theory is applicable for

compliant, elastic samples, large tip radii and high surface energy. According to
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the JKR model, the real contact area has a characteristic contact radius aJKR:

a3JKR =
3R

4E∗ (F + 3R∆γπ +
√

6RF∆γπ + (3R∆γπ)2) (2.10)

where ∆γ is the surface energy of interacting surfaces. The radial stress distribu-

tion p(r) inside the contact circle is given by

p(r) = p0

[
1− r2

a2JKR

] 1
2

+ p
′

0

[
1− r2

a2JKR

]−1
2

(2.11)

where

p0 =
2E∗aJKR

πR
p
′

0 =

√
2∆γE∗

πaJKR

(2.12)

The equation shows that inside the contact circle the pressure is compressive near

the center but tensile toward the edge becoming infinite as r −→ aJKR. Separation

of the spheres takes place when the force of adhesion is:

FAd = −3

2
∆γπR (2.13)

It is clearly seen that the adhesion force does not depend upon the contact radius

and elastic moduli of materials as well. However, surface tension has a huge im-

pact on adhesion.

2.6.2.2 Derjaguin-Muller-Toporov theory (DMT) theory

An alternative theory of adhesive interaction was represented by Derjaguin, Muller

and Toporov (DMT) [111]. The DMT model is valid for stiffer samples, small tip

radii and low surface energy. The contact radius aDMT between two spheres is

given by

a3DMT =
3R

4E∗ (F + 2∆γπR) (2.14)
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The adhesion force is

FAd = −2∆γπR (2.15)

2.6.2.3 Tabor parameter

The JKR and DMT models represent two extreme limits of a single theory in

adhesion interaction. A transition regime between two limits has been developed

by Maugis [112]. In 1977 Tabor introduced the dimensionless Tabor parameter µ:

µ = (
R∆γ2

E∗z30
)
1
3 (2.16)

where z0 is the equilibrium separation from the surfaces (usually, 0.3-0.5 nm) [113].

The parameter µ allows estimating what regime (JKR, DMT or transition) should

be applied. The DMT is appropriate if µ < 0.1, for µ > 5 the JKR theory applies.

In an intermediate range of the Tabor parameter 0.1 < µ < 5 the transitional

model of Maugis is used.

2.6.3 2-3 point method for JKR

An appropriate model for analysing force-displacement curves of contacts with

adhesion was proposed by Ebenstein and Wahl [114]. The model based on the

JKR theory (µ > 5) allow to determine the elastic modulus and work of adhesion

values.

When the contact radius can be measured directly and the effective radius R is

known, equations (2.4) and (2.9) can be used to calculate the work of adhesion

and effective elastic modulus E∗. In practice, it is often difficult to measure the

contact radius a directly. For example, the measurements made by AFM with a

tip radius of several nanometers yield the contact radii a on the order of nanome-

ters. In this case, the 2 points method can be used to determine ∆γ and E∗

from the experimental force-displacement curve. Figure 2.7 illustrates the certain
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Figure 2.7: Experimental force-displacement curve measured between PDMS
half-sphere and flat PS sample.FAd and dmax - the adhesion force and displace-
ment at maximum adhesion; dc is the displacement at the jump-to-contact point;

d0 is the displacement of the unloading curve by zero load.

points, which are extracted from the force-displacement curve: FAd and dmax, the

adhesion force and displacement at maximum adhesion; d0 – displacement of the

unloading curve by zero load.

To calculate the effective elastic modulus, the following equation is used:

E∗ = − FAd

2π
√
R

(
d0 − dmax

3.3
)
1
3 (2.17)

where ∆γ is calculated from

∆γ = −2

3

FAd

πR
(2.18)

An alternative way to calculate the work of adhesion and the modulus of elastic-

ity is the 3 points method, which is used when the exact position of the sample

relative to the measured displacement is not known. In such cases, the additional

variable dc represents the apparent displacement, at which the probe first contacts
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Figure 2.8: Rough surface profile.

the sample. The effective elastic modulus is given by:

E∗ = − FAd√
3R(d0 − dc)

3
2

(2.19)

2.6.4 Contact between rough surfaces

2.6.4.1 Roughness

Solid surfaces, irrespective of their formation process, contain irregularities of var-

ious orders or repetitive random deviations from the nominal geometry [115]. In

order to characterize the roughness of solid surfaces, several parameters such as

the characteristic roughness wavelength l and the characteristic height h need to

be determined. Figure 2.8 shows a roughness profile of the surface. Nano- and

microroughness are formed by fluctuations in the surface of short wavelengths,

characterized by hills (asperities) (local maxima) and valleys (local minima) of

varying amplitudes and spacings. The center or mean line (dashed green line)

represents a ratio of area above and below an imaginary line.



39

2.6.4.2 Influence of roughness on adhesion

Properties of solid surfaces are crucial to interaction, as the presence of surface

roughness affects real area of contact, and therefore, adhesion. Contact between

the two bodies occurs over numerous small areas. Since all asperities have the

same height and radius of curvature, the resulting adhesion force is the sum of

all equal forces, which can be calculated using the Herzian theory. It was found

that the total contact area A ∼ F
2

3 . This outcome was not in agreement with

an experiment. Forthemore, it contradicts to the Amontons first law of friction,

which predicts that the force of friction is directly proportional to the applied load.

To resolve this contradiction, Greenwood and Williamson developed the asperity

contact model (GW model) [116].

2.6.4.3 Greenwood and Williamson (GW) model

The GW model considers a random rough surfaces in elastic contact with a plane

(Figure 2.9). The authors assumed that all asperities have the same radius of

curvature R and the height of the asperities is stochastically distributed around an

average value (Gaussian distribution of heights). The normal height distribution

is given by:

Φ(z) = (
1

2πl2
)
1
2 e
−z2

2l2 (2.20)

where Φ(z) is the probability density to have the maximum height and l is the

root mean square roughness given by:

l =
√
〈z2〉 (2.21)

The deformation of contacting hemispherical peaks is considered to be independent

of one another. This model predicts that the area of real contact A is nearly
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Figure 2.9: Model of a rough surface according to Greenwood and Williamson

proportional to the loading force FL:

A

FL

≈ (
R

l
)
1
2

3.3

E∗ (2.22)

where E∗ is the effective elastic modulus of contacting materials.

A more general approach was proposed by Bush et al., who approximated the

summits by paraboloids with randomly elliptical contact areas and applied the

classical Hertzian solution for the deformation [117].

2.6.4.4 A fractal approach

Bhushan et al. have shown that the roughness of the surface profile depends on the

resolution of the measuring instrument and is characterized by fractal geometry

[118–120]. In this approach, the surface was repeatedly magnified, in order to

increase the details of roughness. The model showed that for elastic deformation

the loading force FL is proportional to the real area of contact A:

FL ∼ A
(3−D)

2
(2.23)

where D is the fractal dimension of the surface profile, which lies between 1 and

2. The fractal approach allowed describing the roughness by using scale-invariant

and self-similar basic features.



Chapter 3

Materials and methods

3.1 Double replication procedure

In order to mimic level 1 in the slippery zone of N. alata, microsphere monolayers

with diameters of some tens of microns possessing pronounced mechanical stability

need to be generated. Rengarajan et al. prepared monolithic arrays of PS micro-

spheres having a diameter of several tens of micrometers tightly connected to an

underlying PS substrate by double replication of PDMS molds [73, 74]. Here, the

reported method was slightly adapted.

3.1.1 Preparation of PDMS molds

Mechanically stable monolithic specimens extending 20 mm x 20 mm which con-

sist of PS microsphere arrays tightly connected to underlying PS substrates were

created by refining previously reported double replication procedures of PS micro-

sphere monolayers [73, 74].

Rectangular pieces of (100) silicon wafers with edge lengths of ∼ 2 cm were cleaned

with “piranha solution” containing H2SO4 and H2O2 (30 %) at a volume ratio of

7:3 for at least 5 min. Then, a surfactant layer (Triton X-100, CAS 9002-93-1,

41
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Sigma Aldrich) was spin-coated at 3500 rpm for 30 s onto the Si wafer pieces.

Aqueous suspensions of PS microspheres (Polybead R© Microspheres, Polysciences,

Woodbridge, Canada) with radii of 12.5 µm (2.91 x 106 microspheres/ml), 22.5

µm (4.99 x 105 microspheres/ml), 37.5 µm (1.08 x 105 microspheres/ml), and 45.0

µm (6.24 x 104 microspheres/ml) were at first sonicated for 1–2 min. Then, 3–4

droplets of the suspensions were deposited onto the surfactant-treated Si wafer

pieces (Figure 3.1 a), which were subjected to the multistep spin-coating program

summarized in Table 3.1.

The deposition/spin-coating cycles were typically repeated 3–4 times until the

Table 3.1: Multistep spin-coating program applied to prepare PS microsphere
monolayers serving as a primary template in a double replication process.

Time (s) 60 60 60 60 60 10

Rounds per minute 150 200 300 600 3600 60

entire surface of the surfactant-treated Si wafer pieces was covered with dense PS

microsphere layers. To prepare PS microsphere monolayers consisting of a mixture

of PS microspheres with radii of 12.5 and 22.5 µm, 1–2 droplets of the suspension

containing PS microspheres with a diameter of 45 µm and 1–2 drop-lets of the

suspension containing PS microspheres with a diameter of 25 µm were alternat-

ingly spin-coated onto the surfactant-treated Si wafer pieces using the multistep

spin-coating program summarized in table 1 until the entire surface of the Si wafer

pieces was covered by a dense PS microsphere layer. Excess PS microspheres on

top of the PS microsphere monolayers were removed by rinsing the surface with

distilled water.

Base and curing agent of a polydimethylsiloxane (PDMS) prepolymer mixture

(SYLGARD 184, Dow Corning, Midland, USA) were mixed at a weight ratio of

10:1 and then kept under ambient conditions until all gas bubbles vanished. The

PDMS mixture was then poured onto the PS micro-sphere monolayers in such

a way that the whole area of the latter was covered by a 0.5–1.0 cm thick layer

of the PDMS mixture (Figure 3.1 b). After curing for 3–4 days under ambient

conditions, PDMS moulds containing hexagonal arrays of spherical cavities (neg-

ative replicas of the PS microspheres) were obtained. The PDMS moulds were
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Figure 3.1: Double replication procedure. a) Si wafer is covered with PS
microspheres; b) Primary template is covered with elastomeric PDMS; c) De-
tachment of with the embedded PS microspheres from Si-wafer; d) Removal
of PS microspheres yields elasromeric secondary template; e) Polymer solution
is molded against the secondary tamplate; f) Non-destructive detachment of

secondary template yields level-1 structure.

mechanically detached from the Si wafer pieces (Figure 3.1 c), and residual PS

microspheres were mechanically removed using scalpels (Figure 3.1 d, Figure 3.2).

The PDMS moulds were further cleaned by sonication in acetone (99.9%, Sigma

Aldrich) for 3 min and then dried at 65 ◦C for 2 h.

The polymer solution, PS or PS-b-P2VP (see Sections 3.1.2 and 3.1.3 below),

was poured onto the PDMS moulds (Figure 3.1 e). The solvent was allowed to

evaporate slowly at room temperature in closed petri dishes for two weeks. The

obtained monolithic polymer microsphere arrays were non-destructively detached

from the PDMS moulds (Figure 3.2) that could be reused (Figure 3.1 f).
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Figure 3.2: PDMS molds with different size of the working space: 2x2 cm2

(left) and 1x1 cm2 (right).

3.1.2 Preparation of PS monolithic microsphere arrays

3.1.2.1 Preparation of self-ordered nanoporous anodic aluminium ox-

ide (AAO)

The formation of AAO has been observed to occur by electrochemical oxidation

(anodization) of aluminum in liquid electrolytes such as oxalic (C2H2O) [121], sul-

furic (H2SO4) [122] and phosphoric acids (H3PO3) [123]. In a two-step anodization,

the long first-anodization step (typical, it is conducted for more than 24 h) yielded

disordered pore arrays. The subsequent treatment in an aqueous mixture of 0.5

M H3PO3 and 0.2 M CrO3 at 80 ◦C led to formation of hemispherical concaves.

The second step was so-called mild anodization, was carried out under the same

experimental conditions as were used during the first anodizing step. The oxida-

tion takes place over the entire pore base and the resulting oxide material grows

perpendicular to the surface as shown in Figure 3.3, since the neighboring pore

prevents growth in any other direction. Typical electrolytes used to produce the

self-ordered nanoporous oxide layer such as sulfuric and oxalic acids yielded the

anodic porous alumina with cell size of 65 and 100 nm, respectively. The cell size

has a linear relationship with the applied voltage, where the proportionality con-

stant of cell size (lattice constant) per applied voltage is approximately 2.5 nm/V.

The AAO with a large lattice constant of 500 nm were produced in a H3PO3 as

the electrolyte [123]. By varying the anodizing conditions such as temperature,
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Figure 3.3: Self-ordered honeycomb-like structure of AAO: (a) side view and
(b) top view.

electrolyte, current density and the electrolysis time, the pore diameters can be

changed between roughly 20 nm to 400 nm [124].

Experimental details

Self-ordered nanoporous AAO membranes were produced using a two-step an-

odization process [123]. Al discs with a diameter of 2 cm (Al content > 99.99 %)

were annealed for 3 h under argon at 500 ◦C and then electropolished at room

temperature with a mixture of 25 vol-% 60% HClO4 and 75 vol-% C2H5OH for 20

min at 25 V under stirring. All anodization steps were carried out with 1 wt-%

aqueous H3PO4 at 195 V and at a temperature of 0 ◦C - 1 ◦C [123]. The first

anodization was carried out for 14 h. The formed first alumina layer was etched

with an aqueous solution containing 1.8 g CrO3 and 7.1 g 85 % H3PO4 per 100

ml at 30 ◦C for ∼ 20 h. The second anodization was stopped as soon as the pore

depth of 1.5 µm was achieved. The nanopores of the self-ordered AAO membranes

had a diameter of 180 nm. To prepare self-ordered AAO membranes with a diam-

eter of 400 nm, the pores were widened by isotropic etching with 10 wt-% H3PO4
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solution at 30 ◦C for 2h. The pores with depth of 0.5 µm were generated in 12

min.

3.1.2.2 Preparation of PS monolithic arrays with rs = 0.2 µm

To prepare PS monolithic arrays with a radius of 0.2 µm, molten PS was infiltrated

into self-ordered nanoporous aluminum oxide (AAO) with a pore diameter of 400

nm, a pore depth of 500 nm and a lattice constant of 500 nm at 220 ◦C for 48 h

under vacuum. Then, the samples were cooled to room temperature at -0.1 K/min.

The aluminum substrate to which the self-ordered AAO layer was connected was

etched with a mixture of 3.4 g CuCl2 ∗ 2 H2O, 100 ml concentrated HCl(aq) and

100 ml H2O under cooling with ice water. Finally, the self-ordered AAO layer was

etched for 2 h at 60◦C with aqueous 10 wt-% HCl solution. Thus, a monolithic

array of hemispherical PS nanospheres that were replica of the hemispherical pore

bottoms of the self-ordered AAO was obtained. The PS nanospheres were arranged

in arrays with local hexagonal order replicating the pore arrangement of the self-

ordered AAO layer used as mold.

3.1.2.3 Preparation of monolithic arrays of PS microspheres with rs ≥

5 µm

0.2 g PS with narrow molecular mass distribution (Mw = 229000 g/mol; Mn =

220000 g/mol; Mw/Mn ∼ 1.04, Sigma Aldrich) was dissolved in 1 ml toluene

(99.8%, Sigma Aldrich). The PS/toluene solution was heated to 60 ◦C for 2 h

to remove bubbles and then poured onto the PDMS moulds while still hot. The

toluene was allowed to evaporate slowly at room temperature in closed petri dishes

for two weeks.
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3.1.2.4 Preparation of PS flat reference

Flat PS control samples were obtained by heating a solution of 0.2 g of PS(Mw

= 229000 g/mol; Mn = 220000 g/mol; Mw/Mn ∼ 1.04, Sigma Aldrich) in 1 ml

toluene (99.8%, Sigma Aldrich) to 60◦C for 2 h to remove bubbles. The hot PS so-

lution was poured onto flat PDMS specimens. The toluene was evaporated slowly

at room temperature in closed petri dishes for two weeks. Finally, the PDMS

specimens were detached and flat PS control samples were obtained. To evaluate

the roughness of the latter, we carried out atomic force microscopy measurements

performed in the semi-contact topography mode using a NT-MDT Ntegra device

and cantilever tips VIT–P supplied by NT-MDT (tip curvature 35 nm). Typically,

the rms roughness values of 12.3 nm were obtained for scanned areas of 625 µm2

comprising 256 x 256 pixels.

3.1.3 Preparation of PS-b-P2VP monolithic microsphere

arrays

3.1.3.1 Preparation of flat nanoporous PS-b-P2VP monoliths.

Asymmetric PS-b-P2VP (Mn(PS) = 101 000 g/mol; Mn(P2VP) = 29 000 g/mol;

Mw/Mw = 1.60; volume fraction of P2VP 21 %; bulk period ∼ 51 nm) was ob-

tained from Polymer Source Inc., Canada. 0.2 g PS-b-P2VP was dissolved in 2

ml THF (99.9 %, Sigma Aldrich) at 40 ◦C for 1 h. The solution was then kept

at room temperature for 24 h to remove bubbles and poured onto flat PDMS

substrates. The THF was slowly evaporated at room temperature for 1 week by

placing the samples in Petri dishes covered with glass lids. Subsequently, the sam-

ples were dried for 24 h under vacuum at room temperature. Finally, the PDMS

substrates were detached and flat solid PS-b-P2VP specimens were obtained. Flat
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nanoporous PS-b-P2VP monoliths were formed by swelling-induced pore genera-

tion in ethanol at 60 ◦C for 4 h.

3.1.3.2 Preparation of nanoporous monolothic microsphere

arrays (NMMA)s.

Solutions containing 200 mg PS-b-P2VP per 1.2 mL THF (99,9%, Sigma Aldrich)

were heated to 40 ◦C for 1 h, kept at room temperature for 24 h to remove air bub-

bles and then deposited onto the PDMS molds. To slowly evaporate the THF, the

samples were placed in Petri dishes covered with glass lids for 1 week at room tem-

perature and then dried for 24 h under vacuum at room temperature. Detachment

from the PDMS molds yielded monolithic specimens decorated with PS-b-P2VP

microsphere arrays tightly connected to PS-b-P2VP substrates over areas of 5 mm

x 5 mm. Swelling-induced pore generation with ethanol at 60 ◦C for 4 h yielded

NMMAs. The PDMS molds were reused multiple times.

3.1.3.3 ALD of TiO2.

ALD was performed in a Delta f-100-31 reactor (Wuxi MINT micro- and nan-

otech Co., China) at a temperature of 80 ◦C. TiCl4 and deionized H2O were

used as precursors. The flow rate of N2 was adjusted to 20 sccm. TiO2 was

deposited by repetitions of the following cycle: TiCl4/ET/N2/H2O/ET/N2 =

15ms/50s/10s/30ms/50s/10s, where ET is the exposure time. Typically, 1.1 Å

TiO2 were deposited per cycle. The thickness of TiO2 films deposited as refer-

ence samples onto cleaned and dried (100) Si wafers covered by a native SiO2

layer (Table 3.2) was measured using a spectroscopic ellipsometer EASE M-2000U

(J.A. Woollam Co. Inc., USA).
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Table 3.2: Dependence of the thickness of the deposited TiO2 layers on the
number of ALD cycles

Number of ALD cycles 100 60

Thickness of SiO2 (nm) 2.4 2.4

Thickness SiO2+TiO2 layer (nm) 13 9

TiO2 layer thickness (nm) 10.6 6.6

3.2 Hot-embossing of PS microspheres with AAO

Hot embossing is mainly based on the thermal forming of thermoplastic polymers

by the use of an embossing technique. To generate arrays of PS nanorods at

the caps of the PS microspheres, a method reported previously [84] was adapted.

The monolithic arrays of PS microspheres were hot-embossed with AAO [123]

containing straight and aligned cylindrical nanopores arranged in arrays with local

hexagonal ordering. The first-anodization step was performed as described in

Section 3.1.2.1. Assuming that the pores grow at the rate of 500 nm per 6 minutes,

AAOs with the pore length of of 1.5 µm were obtained after a short second-

anodization step in ∼ 36 min. AAO templates having pore diameter of 180 nm,

pore depth of 1.5 µm and lattice constant of 500 nm were used for hot-embossing.

Thus treated monolithic PS microsphere arrays will thereafter be referred to as

“hot-embossed”; monolithic PS microsphere arrays that were not hot-embossed

will thereafter be referred to as “unmodified”. The AAO membranes were placed

on top of the monolithic PS microsphere arrays, weighted with a metal cylinder

(load ∼ 160 mbar) and heated to 120 ◦C (∼ 10 K above the glass transition

temperature of PS) at a rate of 10 K/min (Figure 3.4). The samples were further

heated to 120 ◦C for 30 min and then cooled to room temperature at a rate of

0.1 K/min. All high-temperature steps were carried out under vacuum. The

aluminum substrate, to which the AAO layer was connected, was etched with a

solution of 100 ml concentrated HCl and 3.4 g CuCl2*2 H2O in 100 ml deionized

water. Finally, the AAO was etched with a 20 wt-% aqueous KOH solution.
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Figure 3.4: Hot-embossing of PS microsphere arrays using anodic aluminium
oxide (AAO) templates

3.3 Adhesion measurements technique

3.3.1 Preparation of the PDMS half-spherical probes

To test the surfaces with the surface texture that reduce adhesion via a decrease in

contact area, very sensitive testing method is required. Atomic force microscopy

technique allows the topographic characterization of the suffaces in a small local

area [125]. The local properties often do not correspond to the properties of whole

sample.

A recently developed technique for the measurement of weak adhesion forces was

applied [126]. For a series of force-displacement measurements sets of PDMS half-

spheres were employed as a probe. PDMS half-spheres with a radius of 1.5 mm

were prepared as follows. Polyvinylsiloxan (PVS) molds were prepared by repli-

cation molding of sapphire spheres glued on a glass slide. Sylgard Elastomer 184

(Sylgard 184, Dow Corning, Midland, MI, USA) was used as PDMS prepolymer

formulation. Base and curing agent were mixed thoroughly with steel spatula at

a weight ratio of 8:1 for 3 min. The mixture was kept in refrigerator at 4 ◦C for

48 h than poured into the PVS molds and then cured for 1h 30 min at 42 ◦C. Af-

terwards, the PDMS layer contained half-spheres was cut into pieces using razor

blade. At the end, the PDMS pieces were carefully extracted from the PVP mold

and kept in the refrigerator at 4 ◦C before using.
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For the wet adhesion experiments, the stiffnesess of the PDMS probes were regu-

lated by curing time and temperature. A set of PDMS half-spheres with a diameter

of 3 mm was prepared as following: base and curing agent were thoroughly mixed

at a weight ratio of 8:1 for 3 min using steel spatula. The obtained PDMS pre-

polymer formulation was kept under ambient conditions until all air bubbles had

vanished and then poured onto polyvinylsiloxan (PVS) molds. Subsequently, the

PDMS prepolymer formulation was cured for 2 h at 60 ◦C.

3.3.2 Force-displacement measurments: general proce-

dure

Adhesion tests were performed with a microforce tester Basalt-01 (Tetra GmbH,

Ilmenau, Germany), a length mesuring system that allows converting the difference

in intensity of the incident and reflected laser light between the sensor head and

reflector into a distance [22]. The sensor consists of many fibers, which main

function is either emit or receive light. The light was generated by a Light Emitting

Diode (LED) and sent through the output fibers. The reference planar mirror with

lateral dimension of 5mm, which was mounted to the spring, served as a reflector.

The change in intensity was proportional to spring deflection.

Basalt-01 comprised three main parts: (1) a solid samples holder on a seven-axis

high-precision positioning system, (2) a metal spring and (3) a fiber-optic sensor.

The sample holder can be tilted about three axis and is also able to rotate the

sample around a vertical axis. The whole system can be moved up and down

over a range of 15 mm (Figure 3.5). The excact positioning of the axis can be

carried out with sub-micron resolution. The investigated sample with an area of

several tens of square millimeters was mounted to the solid platform with a tilting

mechanism allowing the leveling of the sample with a nanometer resolution. The

PDMS probe with radius of 1.5 mm was glued to a double-leaf spring with stiffness

of about 200 N/m (exact value of stiffness is specified in the experimental section of

corresponding chapter). The optical detection of a spring deflection ensures forces
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Figure 3.5: Microforce measurements set-up.

in the nano-Newton range to be measured. Then, the tested surface and the PDMS

probe were brought into contact with one another by forces perpendicular to their

surfaces. The approach and retraction speeds of PDMS half-sphere were kept

constant. The sample was loaded until FL=1 mN was achieved. Then, the sample

was immediately retracted. The maximum applied compressive load corresponds

to preload. FAd corresponds to the minimum on the force displacement curve.

During the experiments Basalt-01 machine was operated in displacement mode. In

order to accurately determine the force from cantilever deflection the optical lever

sensitivity is required. The fiber-optic sensor allowed to measure the deflection of

the spring with nanometer resolution. A series of force-displacement curves were

recorded. The data extracted from the force-displacement curves were statistically

analyzed with the program SigmaStat 3.1.1 (Systat Software Inc.).
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3.3.3 Data evaluation

A way to extract the useful sample information contained in the adhesion exper-

iment is by analysis of the force-displacement curves. Figure 3.6 shows an ex-

perimental force-displacement curve measured between a tacky PDMS half-sphere

and flat PS reference. This curve illustrates change in force acting on the PDMS

probe as it approaches and retracts from the investigated surface. The horizontal

axis is the displacement of of the PDMS half-sphere in the z -direction, the y-axis

is a force experienced by the cantilever. The curve can be divided into approach-

ing and retraction parts. When the PDMS probe is far away from sample, the

cantilever does not come in contact with the sample surface, so the deflection of

the cantilever is almost zero. When the PS microsphere arrays are pressed against

the cantilever, the PDMS probe is in contact with the sample. The corresponding

part of the lines obtained in the force-displacement curve are called ”contact line”.

The contact lines provide information about adhesion and the modulus of elastic-

ity which can be calculated from the slope of the unloaded part of curve. The

PDMS half-sphere was brought into contact with samples and retracted immedi-

ately after a maximum loading force of FL had been reached. After the passing a

zero-force line the PDMS half-sphere and PS microsphere arrays remaining sticky.

At a certain point the back-driving force equals the force that holds the PDMS

probe and PS microsphere arrays together and the cantilever jumps back. The

extension of the curve to negative force values depends on the adhesive properties

of the materials. The adhesion force FAd corresponds to the force minimum in the

retraction part of a force-displacement curve.
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Figure 3.6: Experimental force-displacement curve measured between PDMS
half-sphere and flat PS film. The PDMS half-sphere is brought into contact
with the test sample, loaded until the preset compressive applied force FL is
reached and then immediately retracted. During retraction, the solid-solid con-
tact between PDMS half-sphere and the test sample persists even beyond the
point, where the applied force becomes zero because of adhesion between the
two contacting surfaces. Detachment only occurs at a negative force FAd called
the adhesion or pull-off force (reffered to as Fflat in experiments with flat con-
trol samples). Hence, FAd is the minimum force in the retraction part of the
force-displacement curve. After detachment, the force becomes zero again. Ap-
proach, part of the curve corresponding to the loading process; FAd, adhesion
force; Fflat, adhesion force obtained on flat control samples; FL, maximum ap-
plied force; retraction, part of the curve corresponding to the retracting process.

3.4 Force-displacement measurements: details

3.4.1 Bioinspired PS monolithic arrays

3.4.1.1 Force-displacement measurements on PS monolithic microsphere

arrays with rs ≥ 12.5 µm

Force measurements were performed with a microforce tester Basalt-01 at a room

temperature (20 - 25 ◦C) and humidities of 18-28 %. A compliant PDMS half-

sphere with elastic modulus of about 92 ± 25 kPa was mounted on a spring with a

spring constant of 203.9 Nm−1 and brought into contact with the surfaces of tested

samples (unmodified and hot-embossed monolithic PS microsphere arrays as well

as PS flat films). The PDMS half-sphere was retracted immediately after the set
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loading force FL= 1 mN had been reached. The approach and retraction speeds

of the PDMS half-sphere were 50 µm/s. Each sample was tested at least at 6 dif-

ferent spots with different PDMS half-spheres used as probes (1 - 4 tests per point).

3.4.1.2 Force-displacement measurements on PS monolithic microsphere

arrays with rs = 5 µm and rs = 0.2 µm

Force-displacement measurements on microsphere arrays with rs = 5 µm and rs =

0.2 µm was performed as following. PDMS half-spheres with E = 170.53 ± 7.5 kPa

were prepared by keeping the PDMS prepolymer formulation in a refrigerator at 4

◦C for 48 h prior to molding. After molding, the PDMS half-spheres were cured for

90 min at 42 ◦C. After release from the PVS mold, the PDMS half-spheres were

kept in a refrigerator at 4 ◦C. Prior to the measurements, the PS microsphere

arrays with rs = 5 µm and rs = 0.2 µm were glued with a cyanoacrylate instant

glue (Ergo, Switzerland) on glass slides. The approach and retraction speeds of

the PDMS half-spheres were 50 µ/s. The measurements were carried out at room

temperature (23.5 ◦C) and at a relative humidity of 20-25 %. Each sample was

tested at least at 10 different spots.

3.4.2 PS-b-P2VP porous monolithic arrays:

force-displacement measurements at high (90 %) and

low (2 %) humidities

All force-displacement measurements were carried out in a humidity chamber at a

temperature of 23.1 ◦C. The PDMS half-spheres with a radius of 1.5 mm used as

probes. For each sample, a new PDMS half-sphere from a set of identical PDMS

half-spheres was used. Force-displacement measurements were carried out using

home-made microforce biotesters Basalt-01 and Basalt BT V 3.0 (+VISAM) soft-

ware (TETRA GmbH, Ilmenau, Germany). The PDMS half-spheres were glued
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to a metal spring with a spring constant of 238.93 N/m. The PDMS half-spheres

were then displaced towards the tested sample surface until a preset loading force

FL = 1 ± 0.1 mN was reached and then immediately retracted. The approach and

retraction speeds were 50 µm/s. The applied force as well as the displacement of

the PDMS half-sphere was recorded. The work of separation WSe was determined

from the retraction parts of the force-displacement curves by applying the trape-

zoidal rule (Newton-Cotes formula) [127] using Matlab 7.10 (MathWorks, Natick,

NA, USA). The apparent elastic moduli of the system flat nanoporous PS-b-P2VP

monolith/PDMS half sphere were calculated by fitting the retraction parts of the

force-displacement curves using equation 2.19 in section 2.6.3 corresponding to

the JKR theory (see section 2.6.2.1). For each of sample/RH combination at

least seven force-displacement measurements were performed and subsequently

analyzed.

3.4.3 Humidity control during force-displacement measure-

ments

The desired RH was adjusted by appropriate mixing ratios of dry and humid

nitrogen gas, as described in detail and schematically displayed in the Support-

ing Information to reference [128]. A part of the dry nitrogen gas (RH = 21%)

was directly piped into gas washing bottle 2. Another part of the dry nitrogen

gas was piped through gas washing bottle 1, which was filled with water. Thus,

humid nitrogen gas (RH = 90%) was obtained, which was then piped from gas

washing bottle 1 into gas washing bottle 2. A system of valves allowed adjusting

the flow rates of dry and humid nitrogen gas into gas washing bottle 2. In this

way, the mixing ratio of dry and humid nitrogen gas and, consequently, the de-

sired RH could be adjusted in gas washing bottle 2. The nitrogen gas with the

desired RH was subsequently piped into gas washing bottle 3 where RH was mea-

sured by means of a hygrothermograph. Finally, the nitrogen gas with the desired

RH was piped from gas washing bottle 3 into the humidity chamber where the
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forced-displacement measurements were performed. The volume of the gas wash-

ing bottles 1–3 amounted to 1 L. Prior to the force-displacement measurements,

RH in the humidity chamber was equilibrated for 15 min.

3.4.4 Bioinspired PS-b-P2VP porous monolithic arrays:

wet adhesion test

Force-displacement measurements on NMMAs and TiO2-NMMAs with areas of

about 0.5 x 0.5 cm2 as well as on flat nanoporous PS-b-P2VP monoliths and

TiO2- coated flat nanoporous PS-b-P2VP monoliths were carried out at a temper-

ature of 28 ◦C and a relative humidity of 42.6 % with a home-made microforce

biotester Basalt-01. The PDMS half-spheres were mounted on a spring with a

spring constant of 203.9 Nm–1 and displaced towards the sample surfaces until a

positive loading force FL= 1 ± 0.1 mN was reached. Immediately after the preset

FL value had been reached, the PDMS half-spheres were retracted. The approach

and retraction speeds of the PDMS half-spheres were 100 µm/s. Series of force-

displacement measurements on a specific sample were taken as follows. At first,

the flat underside of the sample was placed on tissue paper with an area of about

1 cm2, and a series of force-displacement measurements was carried out under dry

conditions. Then, 5 µL mineral oil were dropped onto the uncovered part of the

tissue paper, and a series of force-displacement curves were acquired under wet

but otherwise identical conditions without moving the sample and without chang-

ing the PDMS half-sphere. The mineral oil purchased from Sigma-Aldrich with

a viscosity of 1.42-1.70 x 10−5 m2s−1 at 40 ◦C, as specified by the supplier, was

used. The wait time between mineral oil supply and the measurement of the first

force-displacement curve after mineral oil supply was 30 min. This time period is

sufficient to make sure that the tested samples were saturated with mineral oil.

Prior to any measurement after mineral oil supply, the PDMS halfspheres were

cleaned with tissue paper.
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3.5 Statistical data analysis

The data extracted from the force-displacement curves were statistically analyzed

with the SigmaStat 3.1.1 software (SPSS, Chicago, USA). One-way analysis of vari-

ance method (one-way ANOVA) was used to compare means of adhesion forces

obtained on samples [129]. In case of pairwise comparisons among independent

groups of forces to determine whether they are statistically different, t-test, Mann-

Whitney Rank sum test and the Tukey test were applied.

3.6 Characterisation of test surfaces and probes

3.6.1 PS microsphere arrays

The monolithic PS microsphere arrays were imaged with an optical microscope

(Di-Li 1027, Kaiserslautern, Germany) in the reflection mode and with a scanning

electron microscope (SEM) Zeiss AURIGA (Zeiss, Oberkochen, Germany) oper-

ated at an accelerating voltage of 3 kV. Prior to SEM examination, the monolithic

PS microsphere arrays were sputter-coated with platinum.

Prior to any SEM characterization, the samples with cells at the top were washed

with deionized water for 3 times, dried with absolute ethanol and sputter-coated

with platinum. SEM investigations were carried out using the Zeiss Auriga SEM

operated at an accelerating voltage of 1 kV.

3.6.2 PS-b-PVP porous microsphere arrays

SEM investigation were carried out on a Hitachi S4800 microscope (Hitachi High-

Technology Corporation, Japan) as well as on Zeiss AURIGA microscope (Zeiss,

Oberkochen, Germany) operated at an accelerating voltage of 5 kV. Prior to SEM
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examination, the monolithic PS microsphere arrays were sputter-coated with gold-

palladium alloy.

3.6.3 Porosimetry.

Mercury intrusion was carried out using a porosimeter POREMASTER 60 GT

(Quantachrome Instruments, USA). Prior to the measurements, the samples were

activated for 8 minutes in vacuum. The experiments were performed for pressures

in the range from vacuum to 4000 bar. The pore diameter was estimated using

the Washburn equation by assuming a cylindrical pore model. However, for the

contact angle and the surface tension we used the values for silica (141.3◦ and

0.484 N/m) because reliable values for P2VP were not available. For nitrogen

sorption, the samples were activated for 10 h under vacuum. The measurements

were carried out at 77.15 K (-196 ◦C) using a Micromeritics device ASAP2000

(Micromeritics Instrument Corporation, USA).

3.7 Cell culture and fixation

Unmodified and hot-embossed monolithic PS microsphere arrays with the micro-

sphere radius rs of 12.5 µm as well as the flat PS film were rinsed in deionized

water for two days and dried under vacuum. Prior to cell seeding, the samples were

sterilized by exposure to UV light (Oriel Apex Illuminator equipped with a 75 W

Xenon lamp and a 280–400 nm dichroic mirror, Newport Spectra-Physics, Darm-

stadt, Germany) for 3 min. The samples were then placed in petri dishes filled

with 3 ml MEM medium supplied with 10% fetal bovine serum (FBS) (Biochrom,

Berlin, Germany, S0615), 1% MEM non-essential amino acids (PAA Laborato-

ries, Pasching, Austria, M11003), and 1% 2-(4-(2-hydroxyethyl)-1-piperazinyl)-

ethansulfonacid (HEPES) buffer. HeLa cells were placed dropwise onto each sam-

ple surface to a density of ∼ 50% confluence. Cell culture dishes were subsequently
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incubated for 48 h at 37◦C in the presence of 5% CO2. Cell fixation was carried

out under standard conditions. The samples were briefly washed with PBS buffer

at 37◦C. Then, 2 ml 4% paraformaldehyde in PBS was added for fixation for two

days at 4◦C.



Chapter 4

Polystyrene monolithic

microsphere arrays as

bio-inspired antiadhesive surfaces

This chapter deals with mimicking the topography of hierarchical level 1 of the

carnivorous pitcher plants Nepenthes alata by means of polystyrene (PS) micro-

sphere arrays having approximately the same dimensions as lunate cells in the

order of a few tens of micrometers. PS monolithic microsphere arrays (called

thereafter as PS microsphere arrays) were obtained using a double replication pro-

cess. The adhesion measurements showed that such surfaces exhibit pronounced

anti-adhesive properties to rigid as well as to sticky and compliant counterpart

surfaces. Moreover, cell culturing experiments suggest that surface topographies

promote anti-fouling properties. Initially, the average elastic modulus E and the

change in surface free energy per unit area (∆γ) were evaluated when the PDMS

half-sphere (see Section 3.3.1) forms contact with a flat PS surface, from at least

6 experimental force-displacement curves using a 2-3 point method (see Section

2.6.3). The experimental adhesion force values were measured on PS microsphere

arrays with radii ranging from 0.2 µm to 45 µm. Subsequently, the evaluated

parameters E, ∆γ as well as measured adhesion forces were employed to approx-

imate the dependence of adhesion force on the radius of PS microspheres (rs)in

61
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the range from 0.1 µm to 1 cm.

4.1 Experimental section

The PS microsphere arrays were prepared following procedures which are described

in details in Sections 3.1.1, 3.1.2.2 and 3.1.2.3 of Chapter Materials and methods.

Monolayers of discrete PS microspheres spin-coated on silicon wafer pieces were

used as primary molds to prepare secondary molds consisting of PDMS. The sec-

ondary molds, which contained spherical cavities as negative replicas of the spin-

coated discrete PS microspheres, were used to manufacture positive replicas of the

latter in a second, nondestructive replication step. Mixed monoliths containing

PS microspheres with two different rs values of 12.5 and 22.5 µm were prepared by

double replication of spin-coated monolayers containing the both PS microsphere

species. The Section 3.1.2.4 presents the procedure for preparation of PS flat ref-

erence. To generate arrays of PS nanorods at the caps of the PS microspheres, the

arrays of PS microspheres were hot-embossed with self-ordered nanoporous AAO

containing straight and aligned cylindrical nanopores arranged in arrays with lo-

cal hexagonal ordering (Section 3.2 of the Chapter Materials and methods). The

treated PS microsphere arrays will thereafter be referred to as “hot-embossed”;

monolithic PS microsphere arrays that were not hot-embossed will thereafter be re-

ferred to as “unmodified”. Further, unmodified and hot-embossed PS microsphere

arrays and flat PS refererences ware tested with a recently developed technique

for the measurement of weak adhesion forces as mentioned in Section 3.4.1 (Figure

4.1) by using a microforce tester Basalt-01 described in Section 3.3.2. The compli-

ant PDMS half-spheres with radius R1 = 1.5 mm and elastic moduli of about 92 ±

25 kPa and 170.53 ± 7.5 kPa were used as probes. The preparation technique of

PDMS probes is presented in Section 3.3.1. The adhesion force FAd, corresponding

to the pull-off force, was evaluated by using the force-displacement curves mea-

sured as discussed in Section 3.3.3. All the statistical comparisons were carried

out as provided in Section 3.5. The properties of the monolithic anti-adhesive
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systems consisting of PS microspheres arrays were modeled using semi-empirical

approach based on Johnson-Kendall-Roberts (JKR) theory (see Section 2.6.2.1,

Chapter State of the art). The elastic moduli of the PDMS half-spheres was

determined from force-displacement curves measured on flat PS films using the

2-point method (Section 2.6.3). Antifouling properties of PS unmodified and hot-

embossed microsphere arrays with radii of 12.5 µm as well as flat PS film were

investigated. The cell culture experiment is presented in section 3.7. The charac-

terization and analysis of surface texture was performed as described in Materials

and methods chapter in Section 3.6.1.

4.2 Anti-adhesive properties: experimental re-

sults

Extended monolayers of discrete PS microspheres exhibit poor mechanical stabil-

ity. Therefore, mechanically stable monolithic specimens consisting of PS micro-

sphere arrays tightly connected to underlying PS substrates were created (Section

3.1.2). PS microspheres with radii rs of 0.2, 5, 12.5, 22.5, 37.5, and 45 µm as well

as of a mixture of PS microspheres with rs values of 12.5 and 22.5 µm were utilized

(Figure 4.1). In hot-embossed specimens, the caps of the PS microspheres were

functionalized with arrays of PS nanorods (Section 3.2) replicating the nanopores

of the AAO moulds presented in Section 3.1.2.1 (Figure 4.2). The PS nanorods

had hemispherical tips.

FAd between two contacting counterpart surfaces scales with the real contact area,

which is in turn influenced by the surface topography of the contacting counterpart

surfaces. To identify a micropatterned surface topography with pronounced anti-

adhesive properties accessible by double replication of spin-coated microsphere

arrays, the influence of the microsphere diameter rs on FAd was screened. For this

purpose, force-displacement measurements on solid monolithic microsphere arrays

as well as on flat solid monoliths consisting of polystyrene (PS) homopolymer were
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Figure 4.1: Optical microscopy images of unmodified monolithic PS micro-
spheres arrays. The PS microsphere radii rs are 12.5 µm (a), 22.5 µm (b),
mixture of 22.5 and 12.5 µm (c), 37.5 µm (d) and 45.0 µm (e). Scale bar: 50

µm for all images.

Figure 4.2: Scanning electron microscopy (SEM) images of hot-embossed
monolithic arrays of PS microspheres modified with arrays of PS nanorods.(a)

Large-field view;(b) detail.

performed (see Sections 3.4.1.1 and 3.4.1.2). PS was selected because it is commer-

cially available with narrow molecular weight distributions over a wide molecular

weight range. The rs values of the PS microsphere monoliths were varied from 0.2

µm to 45 µm. Moreover, mixed microsphere arrays with rs values of 12.5 µm and

22.5 µm were tested (Figure 4.1c).

The FAd values measured on PS microsphere arrays with rs = 0.2 µm were larger

than the Fflat value obtained on flat PS monoliths (Figure 4.3). Hence, the PDMS
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Figure 4.3: Pull-off force FAd of PS-MMAs normalized to the adhesion force
Fflat obtained on a flat PS ilm (“flat” denotes a flat PS film, “m” denotes
PS-MMAs consisting of PS microspheres with rs values 12.5 µm and 22.5 µm).
Each bar represents the mean value of at least six measurements. Standard
deviations are indicated as error bars. All measurements were performed with

a loading force of 1 ± 0.1 mN.

half-sphere adapted to the surface topography of PS microspheres with rs = 0.2

µm so that actual contact area was larger than on flat PS reference. However,

FAd on PS microsphere arrays with rs = 5 µm was already smaller than Fflat. PS

microsphere arrays with rs values ranging from 12.5 µm to a 45 µm showed pro-

nounced anti-adhesive properties to the PDMS half-spheres. FAd decreases with

increasing rs, because the increase in the wavelength of the surface topography

of the PS microspheres results in a decrease in the actual PDMS half-sphere/PS

microsphere arrays contact area.

FAd = 3.5 ± 0.4 mN for PS microsphere arrays with rs = 5 µm and FAd = 9.3 ±

0.4 mN for PS monoliths with rs = 0.2 µm were obtained, while Fflat amounted

to 4.4 ± 0.2 mN. On unmodified PS microsphere arrays with rs values of 12.5,

22.5, 37.5, and 45 µm, folowing FAd values of 294 ± 111, 246 ± 104, 196 ± 124,

and 224 ± 112 µN were obtained, respectively, while Fflat amounted to 1825 ±

146 µN. Thus, FAd on PS monolithic microsphere arrays with rs values between

12.5 µm and 45 µm reached only 10 % to 16 % of Fflat. FAd is most efficiently
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reduced on the mixed samples containing PS microspheres with rs values of 12.5

and 22.5 rs and amounted to only 6 % of Fflat. FAd for mixed sample with rs

values of 12.5 µm and 22.5 µm amounted to 110 ± 68 µN. Moreover, statistical

analysis indicated that the FAd on the mixed array containing PS microspheres

with radii of 12.5 and 22.5 µm was significantly lower than those on PS micro-

sphere arrays consisting of only one PS microsphere species (Kruskal-Wallis one

way ANOVA on ranks; H4,39 = 12.473; P = 0.014). In contrast, there were no

significant differences in FAd values between PS microsphere arrays consisting of

only one PS microsphere species within the investigated rs range (from 12.5 to 45

µm). The surface topography of the mixed PS microsphere arrays with rs values

of 12.5 µm and 22.5 µm can be considered as hierarchical defect structure, on

which the actual contact area with the PDMS half-sphere is even more efficiently

minimized than on surface topographies characterized by a single rs value.

Adhesion tests also showed that the functionalization of the caps of the PS micro-

spheres with PS nanorod arrays (i.e., the second hierarchical structure level) had

almost no effect on the anti-adhesive properties and resulted in a slight increase of

FAd values on hot-embossed specimens compared to the corresponding unmodified

specimens (Figure 4.4). Hot-embossed mixed PS microsphere arrays with rs of

12.5 and 22.5 µm demonstrated the FAd value of 217 ± 58 µN. For rs of 12.5, 22.5,

37.5, and 45 µm, FAd values of 374 ± 67, 336 ± 68, 266 ± 65, and 306 ± 109 µN

were obtained, respectively. Statistical analysis described in Section 3.5 showed no

significant difference between FAd values obtained on unmodified PS microsphere

arrays versus those on the corresponding hot-embossed specimens (Kruskal-Wallis

one way ANOVA on ranks; F4,36 = 4.650; P = 0.005). The only exception thereof

was found for the mixed arrays of PS microspheres with radii of 12.5 and 22.5 µm

(t-test and Mann-Whitney rank sum test; P = 0.006).
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Figure 4.4: Adhesion force FAd of unmodified PS microsphere arrays (black
bars) and hot-embossed PS microsphere arrays bearing PS nanorods (gray bars).
All FAd values are normalized to the adhesion force Fflat of a flat PS control
sample. Each bar represents the mean value of six measurements; standard

deviations are indicated as error bars.

4.3 Estimation of adhesion force by a modified

JKR model

As a next step, adhesion of a sticky PDMS half-sphere with radius R1 to arrays

of PS microspheres, which represent nominally flat surfaces, is examined. The

estimation of dependence FAd on rs is based on JKR theory (see Section 2.6.2.1).

According to the JKR theory, adhesion force between two solid spheres with radii

rs and R1 equals:

FAd = −3

2
π∆γR (4.1)

where R is an effective radius

1

R
=

1

R1

+
1

rs
(4.2)



68

and ∆γ is the difference in the surface energies of interacting surfaces. The radius

of the contact area at pull-off ap equals:

ap = (
9πR2∆γ

8E
)
1
3 (4.3)

where the effective elastic modulus E depends on the elastic moduli of contacting

surfaces EPDMS and EPS:

1

E
=

1− ν2PDMS

EPDMS

+
1− ν2PS

EPS

(4.4)

where νPDMS and νPS are corresponding Poisson ratios.

First, the case of a PDMS half-sphere with a nominally flat surface built of mi-

crospheres (rs << R1) will be examined further. According to the JKR theory,

the highest pulling stress in the contact area is at the edge. Under given force

applied to the half-sphere, the equilibrium configuration is governed by the clas-

sical equation of fracture mechanics. With a stable system, any change of the

loading/pulling force will cause either growth or shrinkage of the contact area in

order to achieve a new equilibrium configuration [130]. Above some critical value

of the pulling force, no stable equilibrium exists and the surfaces pull apart in an

unstable manner: a separation of the adhering half-sphere from the substrate takes

place. During the separation process, a crack between the half-sphere and the sub-

strate on the periphery of the contact area between them quickly propagates to

the direction towards the centre of the contact according to the Griffith criterion

[131]. To describe the crack propagation between the PDMS half-sphere and an

individual substrate microsphere on the periphery of the contact area (Figure 4.5),

the JKR theory may be used again. The pull-off force for the microsphere satisfies

equation 4.1. Below, the pull-off force is determined for such microspheres and

equate it to the pull-off force estimated from the stress distribution in the contact

area of the PDMS half-sphere.

The effective area occupied by one PS microsphere in a hexagonal array cor-

responds to the area 2
√

3r2s of a hexagon circumscribing the contour of the PS

microsphere. The effective number of microspheres in the peripheral annulus is
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Figure 4.5: Projection of a peripheral annulus of the apparent contact area
between a PS microsphere array and a PDMS half-sphere at the very moment
of pull-off, which is bordered by two circles with the radii ap and ap – 2rs. The
contours of the PS microspheres in an idealized hexagonal array are indicated
by circles inscribed in hexagons (light grey).One microsphere within the annulus

is marked black.

π(a2p− (ap− 2rs)
2)/2
√

3r2s . The nominal force F
′
pr required to separate the PDMS

half-sphere from the PS microsphere array in the peripheral annulus equals the

pull-off force of a single PS microsphere (determined by equation 4.1, taken into

account rs << R1) multiplied by the number of the PS microspheres in the pe-

ripheral annulus:

F
′

pr = −
√

3π2(a2p − (ap − 2rs)
2)

4rs
∆γ (4.5)

However, equation 4.5 overestimates the value of the pull-off force, because many

PS microspheres are not completely located within the peripheral annulus, i.e.,

a fraction of their base areas projected in the plane of the peripheral annulus is

located outside the peripheral annulus (Figure 4.5). The interaction of these PS



70

microspheres with the PDMS half-sphere is not adequately described by equation

4.5. Therefore, F
′
pr needs to be corrected by a dimensionless parameter α < 1 to

obtain a corrected detachment force Fpr:

Fpr = αF
′

pr = −α
√

3π2(a2p − (ap − 2rs)
2)

4rs
∆γ. (4.6)

For the sticky PDMS half-sphere, Fpr is the integral of the radial stress distribution

p(r) over the peripheral annulus area:

Fpr = −
∫ ap

ap−2rs

p(r)2πr dr. (4.7)

The radial stress distribution is given by:

p(r) = p0(1−
r2

a2p
)
1
2 + p

′

0(1−
r2

a2p
)
−1
2 (4.8)

where

p0 =
2Eap
πR

p
′

0 =

√
2E∆γma

πap
(4.9)

[130]. The effective change in surface energy during pull-off, ∆γma, accounts for the

impact of the non-flat topography of the microsphere array and can be expressed

in terms of ap using equation 4.3. Substitution of equation 4.8 into equation 4.7

and integration yields:

Fpr = −2π

√
1− (ap − 2r2s)

a2p
(
4

3
p0(ap − rs)rs + p

′

0a
2
p). (4.10)

Equations 4.6 and 4.10 deliver approximation of Fpr for a single microsphere and an

sticky half-sphere, correspondingly. From these equations, the following equation

can be drawn after straightforward simplifications:

(
ap
rs
− 1)2 + 1 =

α
√

3π2∆γR1

16Er2s

√
ap
rs
− 1 (4.11)
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From the dependence ap(rs) using equation 4.3, an effective surface energy for

a sticky half-sphere on microsphere array ∆γ∗(rs) can easily be found. Further,

FAd(rs) profiles can be calculated from ∆γ∗(rs) using equation 4.1 (Figure 4.6).

The value of α = 0.55 (Figure 4.6b) corresponds to the best fit to the experimental

data presented in Figure 4.4 ( for rs ranging from 12.5 to 45 µm). The part of the

FAd(rs) profiles is slightly shifted to larger FAd values, as α increases. However,

Figure 4.7b also reveals that the model is robust with regard to changes in α. The

FAd(rs) profiles obtained with constant α values of 0.40 and 0.70 are also in line

with our experimental results.

If rs > ap/2, the considerations used to apply equation 4.11 are not valid and

the scenario, in which the apparent contact area contains only a small number of

PS microspheres, should be considered. Fpr can be again estimated for an sticky

PDMS half-sphere based on equations 4.1 and 4.3:

Fpr = −
4Ea3p
3R1

. (4.12)

On the other hand,Fpr can be estimated using an approach similar to that yielding

equation 4.6:

Fpr = −α
√

3π2a2p
4rs

∆γ (4.13)

Equating equations 4.12 and 4.13 yields an expression for ap:

ap =
3
√

3απ2∆γR1

16Ers
. (4.14)

By combining equations 4.1, 4.3 and 4.14 and taking into account that R1 � rs,

FAd can be estimated:

FAd =
27
√

3α3π6∆γ3R2
1

1024E2r3s
(4.15)

At a certain rs value, FAd(rs) obtained from equation 4.15 reached the FAd value

obtained directly from equation 4.1 for the classical sphere-to-sphere JKR sce-

nario.
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Figure 4.6: Modelled dependence of the adhesion force FAd on unmodified PS
microsphere arrays with radius rs (red squares : α= 0.70; grey circles: α = 0.55;
blue up-triangles: α = 0.40). (a) Overview. The straight pink line indicates
Fflat. (b) Detail. The pink down-triangles represent experimental average FAd

values of at least six measurements for each rs value; the error bars indicate
standard deviations.
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To apply the above model to our experimental system, first the elastic modulus of

PDMS (EPDMS = 92 kPa) and ∆γ (∆γ =0.258Nm−1) from force-distance curves

measured with a PDMS half-sphere on a flat PS surface was determined. Taking

into account the literature data on the elastic modulus of PS (EPDMS = 3.2–3.4

GPa after Pu [132]) and a Poisson ratio of PDMS (νPDMS ∼ 0.5 after Kuo [132]),

the ranges of rs values for applicability of equations 4.1, 4.11 and 4.15 were esti-

mated. This outcome indicates that equation 4.11 is applicable to rs values smaller

than 52.9 µm and equation 4.1 to rs values larger than 62.8 µm, whereas equation

4.15 is applicable to intermediate rs values. The minimum of FAd appears at rs =

60 µm.

The calculated FAd(rs) profiles have the following common features (Figure 4.6).

i) At small rs values in the range of a few µm, FAd is larger than Fflat. Persson

showed that a compliant rubber adapts to the topography of a rough rigid coun-

terpart surface, if adhesive contact is formed. Hence on a rough rigid counterpart

surface, the real contact area is larger and adhesion is higher than on a smooth

rigid counterpart surface consisting of the same material [133]. As discussed pre-

viously (cf. Figure 5 in [126]), the PDMS half-sphere indeed adapts to rough

rigid counterpart surfaces provided that the feature sizes of the latter are small

enough. Hence, the real contact area is even larger than that on flat surfaces and

FAd exceeds Fflat. ii) As rs increases, FAd decreases and eventually becomes lower

than Fflat in agreement with Fuller and Tabor [134]. The size of the gaps between

the PS microspheres and elastic energy increase along with increasing rs values

so that the PDMS can no longer completely comply with the rigid surfaces of the

PS microsphere arrays. The elastic deformation of PDMS half-sphere increases.

Thus, the portion of the surface area of the PDMS half-sphere, which is not in

contact with the PS microspheres, increases; islands of contact get surrounded

by non-contact areas. Consequently, the overall real contact area decreases with

increasing rs. iii) FAd passes a minimum at the intersection of the parts of the

FAd(rs) profiles calculated by equation 4.15. The minimum FAd value is about one

order of magnitude lower than Fflat. Low FAd values are predicted for rs range

extending several tens of microns. Therefore, the anti-adhesive properties of the
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PS microsphere arrays against sticky counterpart surfaces are robust with respect

to moderate changes in rs. iv) At rs values larger than that corresponding to the

FAd minimum, FAd increases along with rs. As the number of PS microspheres in

the contact as well as the curvature of the PS microspheres decrease, the apparent

contact area between PS microspheres and PDMS half-sphere increases. Finally,

at (rs >> R1) the system approaches the JKR limiting case, in which a PDMS

half-sphere is in contact with a flat PS surface, and FAd converges to Fflat.

4.4 Anti-fouling behavior

It might be of technological interest if bioinspired artificial surfaces combine anti-

adhesive properties with anti-adhesive behaviour against cells. HeLa cells were

cultured for 48 h on unmodified as well as on hot-embossed monolithic PS micro-

sphere arrays (rs = 12.5 µm) to evaluate anti-fouling properties of these surface

samples (see Section 3.7). For comparison, HeLa cells were also cultured on flat

PS films under the same conditions (Figure 4.7a). The HeLa cells spread over

the entire surface area of flat PS films, which indicates unperturbed cell adhesion.

The cell density (number of cells per area) on the flat PS film amounted to ∼

8 x 105 cells/cm2. Separated HeLa cells growing on the flat PS film exhibited

an elongated shape (Figure 4.7b) with an average aspect ratio (length divided

by width) of 14.3 ± 2.6 (n = 10). The average length of HeLa cells was 64 ±

12 µm (n = 10). The filopodia protruding from the cell body were distributed

homogeneously in all directions. The average diameter of the filopodia amounted

to several hundred nanometers, while their maximum length was 11.4 µm. As

compared to the flat PS film, on the unmodified PS microsphere array, the density

of HeLa cells was reduced by almost one order of magnitude to 1 x 105 cells/cm2.

This is unlikely due to the leaking of cells in the voids between microspheres as the

nearest neighbor distance between the microspheres was much smaller than the

average length of attached HeLa cells (25 µm vs 64 ± 12 µm) and their surfaces
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were connected. The topographic roughness introduced by the monolithic PS mi-

crosphere array apparently altered the morphology of cells after their attachment.

The HeLa cells here were less elongated (average aspect ratio: 2.0 ± 0.4, n = 10)

than on flat PS films (Figure 4.7c). More strikingly, the density of HeLa cells

on the hot-embossed PS microsphere array amounted to only 1.2 x 104 cells/cm2.

This value was one order of magnitude lower than that on the unmodified PS

microsphere array and nearly two orders of magnitude lower than that on flat PS

films. The HeLa cells on the hot-embossed substrates were randomly shaped and

preferentially spanned across the grooves and voids between the hot-embossed PS

microspheres presumably filled with cell culture medium (Figure 4.7d). The hi-

erarchical surface topography of the hot-embossed surfaces might create physical

barriers for direct cell-to-cell contact that has been reported to induce proliferation

of muscle cells [135]. The formation of focal adhesion contacts to the surface of

the hot-embossed surfaces may be inhibited due to reduced protein adsorption or

destabilization of focal adhesion. Cell adhesion requires formation of focal contact

sites via serum proteins such as fibronectin adsorbed to the surface [136]. The PS

nanorod arrays on the PS microspheres either interfere with protein adsorption or

with the formation of focal adhesion sites, which also depends on surface elasticity.

4.5 Conclusion

By mimicking the lunate cell layer of the waxy zone in the pitchers of carnivorous

plants from the genus Nepenthes, artificial surfaces that show pronounced anti-

adhesive behavior on sticky and compliant counterpart surfaces were prepared.

These artificial anti-adhesive systems consist of mechanically stable monolithic ar-

rays of polystyrene microspheres with diameters of a few tens of microns, which are

tightly connected to underlying PS substrates. The pull-off (adhesion) force FAd of

these monolithic PS microsphere arrays on sticky counterpart surfaces is reduced

by one order of magnitude as compared to that on smooth PS films because of

the essential reduction of the real contact area caused by the surface topography
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Figure 4.7: HeLa cells after cell culturing for 48 h. (a) Density of cells on
a flat PS film (flat), on an unmodified PS microsphere array with an rs value
of 12.5 µm (U) and on a hot-embossed PS microsphere array with an rs value
of 12.5 µm (H). (b) SEM image of a cell on the smooth PS film that shows
characteristic elongated morphology. (c) SEM image of cells on an unmodified
PS microsphere array with an rs value of 12.5 µm. The cells tend to be smaller
and less elongated than those on the smooth PS film. (d) SEM image of cells

on the hot-embossed array of PS microspheres.

of the PS microsphere arrays. Modelling the dependence of FAd on the micro-

sphere diameter revealed that for compliant counterpart surfaces, anti-adhesive

behaviour is to be expected for a microsphere radius range of several tens of mi-

crons, from ca. 20 to 80 µm. If the microsphere radius decreases to values below

this range, FAd increases and eventually gets larger than the adhesion force Fflat

on smooth PS films, because sticky counterpart materials can comply to surface

topographies with feature sizes in the micrometer range and below. Hence, the real

contact area and, consequently, FAd increase. The results suggest that adhesion

can further be reduced if PS microsphere arrays contain microspheres of different

diameters. Moreover, topographic modification of the microsphere caps by hot-

embossing is possible without loss of the anti-adhesive properties. Thus obtained

PS microsphere arrays with microsphere caps bearing PS nanorod arrays used
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in cell culturing experiments showed cell densities two orders of magnitude lower

than smooth PS films. The preparative methodology presented here is upscal-

able so that large-area technical anti-adhesive surfaces showing also anti-fouling

properties are accessible.



Chapter 5

Adjustable adhesion by humidity

and topography

This chapter focuses on another approach to mimick anti-adhesive properties of

slippery zone of N. alata. Porous PS-b-P2VP monolithic arrays of polymeric mi-

crospheres having approximately the same dimensions as the level 1 lunate cells

were prepared by adapting the double replication procedure. Herein, it is shown

that the topography of the porous PS-b-P2VP microsphere arrays reduces adhe-

sion to sticky counterpart surfaces by a factor of about 4 as compared to corre-

sponding smooth nanoporous films under dry (2%) and humid condition (90 %),

respectively. Moreover, the anti-adhesion performance of the monolithic porous

microsphere arrays with radii of 12.5 µm, 22.5 µm, separately as well as mixed mi-

crosphere arrays (12.5+22.5 µm) is independent of relative humidity. Main origin

of the low adhesion on the nanoporous microsphere arrays are the low changes in

contact area between PDMS half-sphere and PS-b-P2VP microsphere arrays.

78



79

Figure 5.1: Scanning electron microscopy images of monolayers of PS micro-
spheres spin-coated on Si wafers, which were used as primary molds to prepare
PDMS secondary molds. (a) rs = 12.5 µm; (b) rs = 22.5 µm; (c) rs = 12.5 and

rs = 22.5 µm.

5.1 Experimental section

PDMS primary molds were prepared as described in Chapter Materials and meth-

ods, Section 3.1.1. The monolayers of PS microspheres with rs = 12.5 µm (Figure

5.1a) and with rs = 22.5 µm (Figure 5.1b) as well as mixed with rs values of 12.5

µm and 22.5 µm (Figure 5.1c) were utilized for fabrication of PDMS molds. To

generate arrays of PS-b-P2VP microspheres, 0.2 g of PS-b-P2VP/THF solution

was poured into the PDMS molds containing spherical cavities and was left for

evaporation as decribed in the Section 3.1.3.2 of the Chapter Materials and meth-

ods. Detachment from the PDMS molds yielded monolithic, solid PS-b-P2VP

microsphere arrays tightly connected to ∼ 200 µm thick PS-b-P2VP substrates

over areas of 5x5 mm2 (Figure 5.2 a,c,e). Swelling-induced pore generation with

ethanol at 60 ◦C for 4 h yielded nanoporous monolithic microsphere arrays (NM-

MAs) (Figures 5.2 b,d,f and 5.3). Flat nanoporous PS-b-P2VP monoliths with

the thickness of ∼ 200 µm were prepared as described in Section 3.1.3.1. The

force-displacement measurements were carried out in a closed homemade humid-

ity chamber as detailed in Sections 3.4.2 and 3.4.3 at relative humidities of 2 and

90 %. All samples were preloaded with the loading force FL= 1 ± 0.1 mN.

WSe was numerically estimated from the retraction parts of the force-displacement

curves using MATLAB software (MathWorks, Inc.) by applying the trapezoidal

rule (Newton-Cotes formula) [127]. Although it is not applicable to viscoelastic

materials, JKR theory was used the to determine the effective elastic module of

the system PDMS halfspheres/flat nanoporous PS-b-P2VP monolith, but not to
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Figure 5.2: Scanning electron microscopy images of (a); (c); (e) solid mono-
lithic arrays of PS-b-P2VP microspheres and of (b); (d); (f) NMMAs. The solid
monolithic arrays of PS-b-P2VP microspheres shown in panels (a), (c) and (e)
are positive replicas of the PS microsphere arrays displayed in Figure 5.1 that
were used as primary molds. (b) NMMA-12.5 obtained from the solid mono-
lithic array of PS-b-P2VP microspheres with rs = 12.5 µm displayed in panel
(a). (d) NMMA-22.5 obtained by swelling-induced pore generation from the
solid monolithic array of PS-b-P2VP microspheres with rs = 22.5 µm displayed
in panel (c). (f) NMMA-12.5/22.5 obtained by swelling-induced pore genera-
tion from the solid monolithic array of mixed PS-b-P2VP microspheres with rs
values of 12.5 µm and 22.5 µm displayed in panel (e). All images have the same

magnification.
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determine the work of adhesion. The reason for this is that the viscosity of the

considered materials only weakly influences the elastic modulus but strongly in-

fluences the work of adhesion.

NMMAs were characterized by using the scanning electron microscopy as men-

tioned in Section 3.6.2. The details of mercury intrusion and N2-sorption tests are

provided in Section 3.6.3.

5.2 Results

5.2.1 Preparation of NMMAs

As it has been discussed in detail in Section 4.3 of Chapter Polystyrene mono-

lithic microsphere arrays as a bio-inspired antiadhesive surfaces, arrays of micro-

spheres with radii rs of the order of a few 10 µm, such as monolithic arrays of

solid polystyrene (PS) microspheres are a suitable material platform to realize the

first hierarchical structure level characterized by roughness with feature sizes of

a few 10 µm. NMMAs were prepared by a double replication process (see Sec-

tions 3.1.1 and 3.1.3.2). Following a procedure described in the Section 3.1.1, the

elastic secondary molds consisting of cross-linked PDMS were obtained. At first,

PS monolayers used as primary molds were obtained by spin coating of PS mi-

crosphere suspensions on silicon (Si) wafer pieces with edge lengths of 1 cm. The

monolayers of PS microspheres with rs = 12.5 µm (Figure 5.1a) and with rs = 22.5

µm (Figure 5.1b) as well as mixed monolayers consisting of PS microspheres with

rs values of 12.5 µm and 22.5 µm were prepared (Figure 5.1c). In the next step,

asymmetric PS-b-P2VP with PS as major component and P2VP as minor com-

ponent dissolved in tetrahydrofuran (THF) was deposited into the PDMS molds.

After evaporation of the THF and nondestructive detachment from the PDMS

molds, solid monolithic arrays of PS-b-P2VP microspheres connected to ∼ 200

µm thick substrates of the same material were obtained. The solid monolithic PS-

b-P2VP microsphere arrays were faithful positive replicas of the PS microsphere
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monolayers used as primary molds and likewise faithful negative replicas of the

PDMS secondary molds. Thus, the solid monolithic PS-b-P2VP microsphere ar-

rays with rs = 12.5 µm (Figure 5.2a), with rs = 22.5 µm (Figure 5.2c) as well as

mixed solid monolithic PS-b-P2VP microsphere arrays with rs values of 12.5 µm

and 22.5 µm (Figure 5.2e) were obtained.

In the last preparation step, the solid monolithic PS-b-P2VP microsphere arrays

were converted into NMMAs by swelling-induced pore generation (see Section 2.4)

[40, 99, 101, 102, 137] involving treatment with ethanol at 60 ◦C for 4 h. In brief,

at 60 ◦C ethanol is a good solvent for P2VP but a non-solvent for PS. Osmotic

pressure drives the ethanol molecules into the P2VP minority domains that con-

sequently swell. The glassy PS matrix in turn undergoes structural reconstruction

processes to accommodate the increasing volume of the swelling P2VP domains. If

the ethanol is allowed to evaporate, the extended P2VP blocks undergo entropic

relaxation, whereas the glassy PS matrix retains its reconstructed morphology.

Swelling-induced pore generation at a given temperature can thus be stopped

when the desired morphology has been reached. The obtained pore size increases

with increasing swelling time [40]. The kinetics of pore formation is also strongly

influenced by temperature. At lower temperature, pore formation is slowed down,

at higher temperature accelerated [137]. Under the conditions applied here, the

volume increase results in the formation of a continuous network of the swollen

P2VP domains. As a result, a continuous system of nanopores with walls consist-

ing of relaxed P2VP chains is generated in place of the swollen P2VP domains.

NMMAs derived from PS microsphere monolayers with rs = 12.5 µm are thereafter

referred to as NMMA-12.5; NMMAs derived from PS microsphere monolayers with

rs = 22.5 µm are thereafter referred to as NMMA-22.5; NMMAs derived from the

mixed PS microsphere monolayers are thereafter referred to as NMMA-12.5/22.5.

The surface topography obtained by double replication of the primary PS micro-

sphere molds was conserved (Figure 5.3a). Closer inspection revealed that the sur-

face of the NMMAs was nanoporous (Figure 5.3b). SEM investigations of NMMA

(experimental details are mentioned in Section 3.6.2) cross sections obtained by

cleaving evidenced that the NMMAs were uniformly nanoporous across their entire
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Figure 5.3: Scanning electron microscopy images of NMMA-12.5/22.5. a), b)
Top views; c), d) cross sectional views.

thickness (Figure 5.3c,d). However, as obvious from comparisons of panels (a) and

(b), of panels (c) and (d) as well as of panels (e) and (f) in Figure 5.2, swelling-

induced pore generation increased the microsphere radii to ∼ 120% of the initial

value. Flat nanoporous PS-b-P2VP monoliths were obtained by subjecting flat

solid PS-b-P2VP films with a thickness of ∼ 200 µm to the same swelling-induced

pore generation procedure as the solid monolithic PS-b-P2VP microsphere arrays.

Porosimetry revealed an average nanopore diameter of ∼ 40 nm, a total nanopore

volume of 0.05 cm3/g and a specific surface area of 10 m2/g (Figure 5.4).

5.2.2 Pull-off Force FAd

In this chapter, all force-displacement measurements were carried out in a humid-

ity chamber at controlled RH s of either 2% or 90% as described in Sections 3.4.2

and 3.4.3. The technique specifically designed for the characterization of weakly

adhesive surfaces was applied as mentioned in Section 3.1.1. A tacky PDMS
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Figure 5.4: a) Frequency density of pore sizes (black bars) and cumulative
volume distribution (red line) as function of pore size of a NMMA-12.5/22.5 as
determined by mercury intrusion. The sub-100-nm range represents the internal
but open pore system of the NMMA-12.5/22.5 generated by swelling-induced
pore generation. The pore diameter range above 10000 nm represents the gaps
between the NMMA-12.5/22.5 microspheres. b) Representative nitrogen sorp-

tion isotherms measured at -196 ◦C.

half-sphere with a radius of 1.5 mm was displaced towards the sample surface

to be tested until a loading force FL = 1.0 ± 0.1 mN was reached. Then, the

PDMS half-sphere was immediately retracted. The retraction parts of representa-

tive force-displacement curves obtained on a flat nanoporous PS-b-P2VP monolith

are shown in Figure 5.5. Because of the adhesion between the PDMS half-sphere

and the tested sample surface, during retraction the PDMS half-sphere and the

tested sample surface adhere to each other even beyond the displacement at which

the applied force equals zero. While the PDMS half-sphere is retracted further,

the pulling force reaches the value of the adhesion force or pull-off force FAd. In the

retraction part of a force-displacement curve, FAd corresponds to the global force

minimum, as displayed in Figure 5.5 (note that per convention compressive forces

have a positive sign and adhesive forces a negative sign). After the global force

minimum corresponding to FAd has been passed, the adhesive contact loosens and

the adhesion between PDMS half-sphere and the tested sample surface disappears

abruptly as the PDMS half-sphere is further retracted. Beyond the retraction

length corresponding to FAd, the force immediately relaxes to the zero force line.

This outcome indicates that there are, if at all, only negligible contributions of

capillarity to adhesion. Similar force-displacement curves, albeit with smaller FAd
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Figure 5.5: Retraction parts of force-displacement curves obtained on a flat
nanoporous PS-b-P2VP monolith at RH = 2% (black curve) and at RH = 90%
(red curve). Retraction started immediately after a pre-set loading force FL =

1.0 ± 0.1 mN had been reached.

values (see below), were obtained on all NMMA species.

The previously reported force-displacement measurements on nanoporous fibrillar

PS-b-P2VP adhesive pads optimized for strong adhesion were carried out with

rigid sapphire spheres as probes (see Sections 2.4.3 and 2.4.4). However, this

classical experimental layout appropriate for the measurement of high adhesion

forces is not suitable for the detection of the small adhesion forces characteristic

of the samples studied in this chapter. Therefore, force-displacement measure-

ments were acquired using sticky and compliant viscoelastic PDMS half-spheres

as probes, which are particularly suitable for the investigation of weakly adhesive

surfaces (see Section 3.3.1). The classical Johnson-Kendall-Roberts (JKR) model,

which described in Section 2.6.2.1, for sphere-on-flat contacts assumes that the

flat surface does not exhibit any kind of roughness. The surfaces of the NMMAs

and of the flat nanoporous PS-b-P2VP monoliths studied here exhibit roughness

on the 100 nm scale. Compliant PDMS half-spheres can adapt to the corrugated

nanoporous surfaces, whereas rigid probes cannot. Hence, real contact area and the
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detected FAd values will depend on the probe used. Consequently, the experimen-

tally detected pull-off force FAd is not equivalent to the pull-off force theoretically

predicted by the JKR model, because the JKR model not adequately describes

the scenarios studied here. Also, the independence of FAd on FL predicted by

the JKR model does not always appropriately describe the experimental reality if

the tested surfaces are rough. It was established that even using rigid spherical

sapphire probes FAd on fibrillar adhesive pads depends on FL within a certain FL

range [138]. Therefore, FAd was normalized to FL.

Figure 5.6 displays FAd normalized to FL for flat nanoporous PS-b-P2VP mono-

liths and for NMMAs. At RH = 2%, FAd on NMMA-12.5 was reduced by a factor

2.3, on NMMA-22.5 by a factor of 2.4 and on NMMA-12.5/22.5 by a factor of 2.5

as compared to flat nanoporous PS-b-P2VP monoliths. FAd on flat nanoporous

PS-b-P2VP monoliths amounted to 9.3 ± 0.4 mN. On NMMA-12.5, FAd amounted

to 4.1 ± 0.2 mN, and on NMMA-22.5 to 3.9 ± 0.3 mN. FAd on NMMA-12.5/22.5

was found to be 3.7 ± 0.5 mN. At RH = 90%, FAd on NMMA-12.5 was reduced

by a factor 2.3, on NMMA-22.5 by a factor of 2.8, and on NMMA-12.5/22.5 by

a factor of 4 as compared to flat nanoporous PS-b-P2VP monoliths. FAd on flat

nanoporous PS-b-P2VP monoliths amounted to 12.1 ± 0.4 mN. On NMMA-12.5,

FAd amounted to 5.2 ± 0.3 mN, and on NMMA-22.5 to 4.3 ± 0.3 mN. FAd on

NMMA-12.5/22.5 was found to be as low as 3.1 ± 0.7 mN.

5.2.3 Work of Separation WSe

Since the real contact area between the tested samples and the PDMS half-sphere

is neither experimentally nor theoretically accessible, rather the work of separation

(WSe) which is considered here. WSe can be extracted from the retraction parts

of the force-displacement curves. WSe is the area between zero force line and the

negative-force part of the force-displacement curves (Figure 5.5). Thus, WSe is

the absolute amount of work required to detach the PDMS half-sphere from the

surface of the tested sample.
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Figure 5.6: Average pull-off force FAd normalized to the loading force FL = 1.0
mN ± 0.1 mN obtained on flat nanoporous PS-b-P2VP monoliths, NMMA-12.5,
NMMA-22.5 and NMMA-12.5/22.5 at RH= 2% and RH = 90%. The average
FAd/FL values were obtained from at least 7 independent force-displacement
measurements per sample and RH value. The error bars denote the standard

deviations.

At RH = 2%, WSe was found to be 1.40 ± 0.16 µJ for flat nanoporous PS-b-P2VP

monoliths, 0.35 ± 0.03 µJ for NMMA-12.5, 0.30 ± 0.04 µJ for NMMA-22.5 and

0.29 ± 0.05 µJ for NMMA-12.5/22.5 (Figure 5.7). At RH = 90%, WSe on a flat

nanoporous PS-b-P2VP monoliths amounted to 2.58 ± 0.15 µJ, for NMMA-12.5

to 0.51 ± 0.06 µJ, for NMMA-22.5 to 0.42 ± 0.07 µJ and for NMMA-12.5/22.5 to

0.25 ± 0.08 µJ.

5.3 Discussion

It is obvious that the potentially pronounced dependence of adhesion on RH can-

not be neglected when the performance and usability of functional surfaces is

assessed. In general, one would expect that an increase in RH causes humidity-

induced softening of most surfaces. According to the Johnson-Kendall-Roberts
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Figure 5.7: Average work of separation WSe obtained on flat nanoporous
PS-b-P2VP monoliths, NMMA-12.5, NMMA-22.5 and NMMA-12.5/22.5 for a
loading force FL = 1.0 mN ± 0.1 mN at RH = 2% and RH = 90%. The
average WSe values were obtained from least 7 independent force-displacement
measurements per sample and RH value. The error bars denote the standard

deviations.

(JKR) theory described in Section 2.6.2.1, adhesion for a sphere-on-flat contact

does not depend on the elastic moduli of the materials in contact. However, on

rough surfaces adhesion may increase with decreasing elastic moduli of the mate-

rials in contact since the real contact area increases. Therefore, humidity-induced

softening may result in enhanced adhesion. Force-displacement measurements

with rigid spherical sapphire probes suitable for the measurement of strong ad-

hesion on nanoporous fibrillar PS-b-P2VP adhesive pads revealed an increase in

FAd/FL by nearly one order of magnitude if RH was increased from 2% to 90%.

Moreover, on flat nanoporous PS-b-P2VP monoliths an increase in RH from 25%

to 90% resulted in an increase in FAd/FL from 0.00 to ∼ 0.09 for FL ∼ 300 µN

[128] (see Section 2.4.4). These results were explained by smaller effective elastic

moduli of the PS-b-P2VP at high RH that caused adhesion enhancement. The

humidity-induced increase in adhesion was leveraged by the presence of the inter-

nal nanopore structures. Apparently, the softening of the polar P2VP blocks was

facilitated by the location of the P2VP blocks at the internal nanopore surfaces.
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The surface topography of microsphere arrays with rs values of a few 10 µm is

generically anti-adhesive for soft tacky PDMS (see Chapter Polystyrene mono-

lithic microsphere arrays as a bio-inspired antiadhesive surfaces, Section 4.3). In

this study, the soft PDMS half-spheres was used as probes. It was found that

anti-adhesive behaviour at RH s of 2% and 90% was evident not only on NMMA-

12.5/22.5, but also on NMMA-12.5 and NMMA-22.5 (Figure 5.6). However, adhe-

sion on flat nanoporous PS-b-P2VP monoliths increases as RH increases; indepen-

dent of whether rigid spherical sapphire probes [128] or tacky PDMS half-spheres

were employed, on flat nanoporous PS-b-P2VP monoliths increases in RH caused

increases in FAd/FL. The changes in FAd/FL on the NMMAs related to increases

in RH from 2% to 90% were much less pronounced than on flat nanoporous PS-b-

P2VP monoliths. In the cases of NMMA-22.5 and NMMA 12.5/22.5 this change

was even not significant (t-test: P > 0.05) (see Section 3.5). Even at RH =

90%, all NMMAs showed anti-adhesive properties as compared to flat nanoporous

PS-b-P2VP specimens at RH = 2% (Figure 5.6). Similar trends were apparent

for WSe (Figure 5.7). While a strong increase in WSe occurs on flat nanoporous

PS-b-P2VP monoliths if RH is increased from 2% to 90%, an increase in RH from

2% to 90% causes only weak changes in WSe on NMMA-12.5 and NMMA-22.5.

On NMMA-12.5/22.5 the mean values of FAd/FL and WSe even decrease if RH is

increased from 2% to 90%.

The question arises whether capillarity effects influence adhesion at high RH s.

Capillarity contributions would be apparent from characteristic tails at retraction

lengths beyond the retraction length corresponding to the force minimum FAd.

These tails represents the work required to stretch and rupture liquid bridges

between the separating surfaces. As apparent from the retraction parts of the

force-displacement curves measured with tacky PDMS half spheres (Figure 5.5),

significant capillarity contributions were absent even at RH = 90%. The absence

of pronounced capillarity effects was found for flat nanoporous PS-b-P2VP mono-

liths as well as for all NMMA species studied here. Beyond the displacement

corresponding to the force minimum FAd, the force-distance curves immediately

relax to the zero-force line. This outcome is in line with the results obtained with
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rigid spherical sapphire probes on flat nanoporous PS-b-P2VP monoliths as well

as on nanoporous fibrillar PS-b-P2VP adhesive pads (see Section 2.4.4). The ap-

parent elastic moduli of 105.7 ± 6.2 kPa (RH = 2%) and 74. 2 ± 2.7 kPa (RH

= 90%) for the system “flat nanoporous PS-b-P2VP monolith/PDMS half-sphere

were obtained. While previously conducted force-displacement measurements us-

ing rigid spherical sapphire probes unambiguously revealed that nanoporous PS-b-

P2VP softens if RH is increased [128], it cannot be excluded that the PDMS half-

spheres used as probes in this work may soften also if RH is increased. However,

this softening would additionally increase adhesion at high RH values. Hence, the

resilience of the NMMAs against humidity-induced increases in adhesion would

even be underestimated. The question arises as to the origins of this resilience.

The PDMS half-spheres used as probes form only focal contacts to the NMMAs at

the caps of the microspheres. If the PS-b-P2VP forming the NMMAs gets softer

at high RH and the microsphere caps form contact to the PDMS half-sphere, the

microsphere caps might deform to some extent. However, this means that the

PDMS half-sphere deforms less on contact formation so that the overall contact

area does not significantly increase if RH is increased.

5.4 Conclusions

In this study, polymeric nanoporous monolithic microsphere arrays with micro-

sphere diameters of a few 10 µm were prepared to test their anti-adhesive prop-

erties as function of relative humidity. The nanoporous monolithic microsphere

arrays showed robust, topography-induced anti-adhesive properties on sticky coun-

terpart surfaces independent of relative humidity. This result is in contrast to the

pronounced dependence of adhesion on humidity found on flat nanoporous mono-

liths and on nanoporous fibrillar adhesive pads described in Section 2.4.4 made of

the same material. Hence, the impact of relative humidity on adhesion is different

for different surface topographies. The conservation of the anti-adhesive behav-

ior toward sticky counterpart surfaces even at relative humidities of 90% suggests
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that polymeric monolithic microsphere arrays can be used as robust and generic

anti-adhesive surfaces under a broad range of operational conditions. Since this

is true even for nanoporous monolithic microsphere arrays that allow supply of

liquid to the contact interface through the nanopore system, further tailoring of

adhesion through switching between dry and wet adhesion is possible over a wide

range of relative humidities.



Chapter 6

The role of surface chemistry in

adhesion and liquid-enhanced

anti-adhesive properties of

nanoporous monolithic

microsphere arrays

NMMAs are promising platforms for anti-adhesive surfaces that allow, addition-

ally, liquid delivery to their contact surface (see Chapter 5: Adjustable adhesion

by humidity and topography). In this Chapter, the sponge-like PS-b-P2VP mono-

liths had polymeric or oxidic (TiO2) surfaces which were flat or patterned with

microspherical structures having diameter of the order of a few tens of microme-

ters. Nanopore system (average pore diameter ∼ 40 nm) enabled fast transport

of mineral oil through PS-b-P2VP microsphere arrays. Monolithic microsphere

arrays showed anti-adhesive properties in the presence as well as in the absence

of mineral oil at the contact interface. Since the porous TiO2 films are required

for numerous practical applications such as photocatalysis or drug delivery, it was

attempted to separate TiO2 film replicated by PS-b-P2VP porous microsphere ar-

rays. The structure of the extracted film was precisely replicated from the solid

92
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skeleton of the initial blockcopolymer.

As will be discussed in the following section, the contact mechanics of the nanoporous

PS-b-P2VP monoliths can be interpreted as complex interplay of solid/solid inter-

actions, the presence or absence or capillarity, surface rigidity, and changes in real

contact area between contact surfaces related to topographic surface patterning.

Adjusting these parameters may pave the way for liquid-mediated adhesion man-

agement involving supply or drainage of liquids to or from contact surfaces as well

as liquid-induced contact surface softening.

6.1 Experimental section

PS-b-P2VP microsphere arrays containing a mixture of microspheres with radii of

12.5 µm and 22.5 µm (Figure 6.1) tightly connected to the substrate were fabri-

cated in a double replication process. Details of fabrication procedure are given

in Chapter Materials and methods, Sections 3.1.1, and 3.1.3.2. Nanometer-sized

interconnected pores were formed through selective swelling of the P2VP block in

ethanol (see Chapter State of the art, Section 2.4.2 and Chapter Materials and

methods, Section 3.1.3.2). TiO2 thin films having thicknesses 6.6 and 10.6 nm

were deposited on the pore walls of porous PS-b-P2VP microsphere arrays by low-

temperature ALD (Section 2.3.3.3 of the Chapter State of the art) following the

procedure described in Section 3.1.3.3. The adhesion tests were carried out for

six different samples at room temperature in a presence and absence of mineral

oil, respectively (see Section 3.4.4). The measured set of samples included porous

flat and mixed PS-b-P2VP microsphere arrays, two NMMAs with deposited TiO2

layers of thickness 6.6 nm and 10.6 nm on top, along with their flat references.

The adhesion measurements of the flat porous PS-b-P2VP samples with deposited

TiO2 layer on top were used as a reference. PDMS half-sphere having a diameter

of 3 mm was imployed (section 3.3.1) as a probe. All samples were preloaded

with FL= 1 ± 0.1 mN. The mineral oil was supplied from the underside of the

NMMAs to the contact interface between NMMAs and counterpart surface (see
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Section 3.4.4). NMMAs were characterized by scanning electron microscopy as

decscribed in Section 3.6.2. The details of mercury intrusion and N2-sorption

tests are provided in Section 3.6.3. WSe was determined from the retraction parts

of the force-displacement curves (see Section 3.4.2).

The effective elastic modulus of the system PDMS half-spheres/flat nanoporous

PS-b-P2VP monolith was amounted to 1.2 ± 0.1 MPa and was calculated by eval-

uation of 10 force-displacement measurements on flat PS-b-P2VP monoliths using

the JKR theory, described in Chapter State of the art, section 2.6.2.1. Equation

2.19 of Section 2.6.3 was used to fit the force-displacement curves. The exact

displacement at which the PDMS half-sphere formed contact with the tested flat

nanoporous PS-b-P2VP monoliths was a fit parameter that was not further used.

6.2 Results

6.2.1 Preparation of nanoporous PS-b-P2VP monoliths and

TiO2 deposition

NMMAs were obtained as described in Section 3.1.3.1 by double replication (see

Section 3.1) of mixed monolayers of PS microspheres with radii rs of 12.5 µm

and 22.5 µm that is schematically displayed in Figure 6.1. Briefly, molding PDMS

prepolymer formulation against the mixed PS microsphere monolayers used as pri-

mary molds combined with curing of the PDMS yielded PDMS secondary molds

(Figure 6.1a). The PDMS secondary molds contained spherical cavities as negative

replicas of the spin-coated discrete PS microspheres. Positive PS-b-P2VP replicas

of the primary molds were produced in a second, nondestructive replication step

involving deposition of PS-b-P2VP solutions onto the secondary molds (Figure

6.1b) and slow drying (Figure 6.1c). After non-destructive detachment from the

PDMS secondary mold (Figure 6.1d), the PS-b-P2VP specimens were subjected

to swelling-induced pore generation, as described above (Figure 6.1e). Scanning
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Figure 6.1: a) A PDMS secondary mold (grey) is prepared by replication of
a PS microsphere monolayer used as primary mold. b) A solution of the block
copolymer PS-b-P2VP (blue) is deposited into the PDMS secondary mold. c)
The solvent is slowly evaporated so that a PS-b-P2VP monolith (black) remains
in the PDMS secondary mold. d) The PDMS secondary mold is nondestruc-
tively detached. e) A spongy continuous nanopore system is generated in the
PS-b-P2VP monolith by swelling-induced pore generation so that a NMMA is
obtained. f) Optionally, the NMMA surface is modified with TiO2 (red) by
ALD so that a TiO2 -NMMA is obtained. g), h) Liquid (yellow) is injected into
NMMAs and TiO2 -NMMAs from the underside opposite to the topographically

structured contact interface.

electron microscopy (SEM) (Figure 6.2) as well as mercury intrusion(Figure 5.4a)

and N2-sorption (Figure 5.4b) revealed an average nanopore diameter of ∼ 40 nm

(Figure 5.4). The details of porosimetry tests are provided in Section 3.6.3. As

discussed in Section 5.1, swelling induced pore generation did not alter the surface

topography of the monolithic PS-b-P2VP specimens on length scales larger than

the nanopore diameters. To alter the chemical nature of their outer surface, some

flat nanoporous PS-b-P2VP monoliths (thereafter referred to as flat nanoporous
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Figure 6.2: Scanning electron microscopy images of TiO2(60)-NMMAs a) prior
to and b)-d) after extraction of PS-b-P2VP. a) Surface of a TiO2(60)-NMMA.
b), c) Surfaces of TiO2 layers of TiO2(60)-NMMAs that coiled after extraction
of the PS-b-P2VP. d) Cross-section of the TiO2 layer of a TiO2(60)-NMMA

after extraction of the PS-b-P2VP.

PS-b-P2VP/TiO2(60) and PS-b-P2VP/TiO2(100) monoliths) as well as some NM-

MAs (thereafter referred to as TiO2(60)-NMMAs and TiO2(100)-NMMAs) were

coated with TiO2 by 60 or 100 low-temperature ALD cycles (Figure 6.1f), as

described in Sections 2.3.3.3 and 3.1.3.3. Both the microsphere arrays defining

the macroscopic topography (Figure 6.2a) and the nanopore systems obtained by

swelling-induced pore generation (Figure 6.2b) were faithfully retained even after

100 ALD cycles. Treatment of TiO2(60)-NMMAs with tetrahydrofuran (THF)

for 0.5 h at room temperature yielded free-standing TiO2 films that were free of

cracks, mechanically robust and could easily be handled with tweezers (Figure 6.2

c,d). Even though the TiO2 films coiled during drying, they faithfully mimicked

the surface topography of the NMMAs.
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Figure 6.3: Retraction part of a force-displacement curve measured on a flat
nanoporous PS-b-P2VP monolith using a PDMS half-sphere (E = 1.2 ± 0.1
MPa) as probe. Retraction started immediately after a pre-set loading force FL

= 1 mN ± 0.1 mN had been reached. The pull-off force FAd corresponds to the
force minimum of the retraction part. The work of separation WSe corresponds

to the area enclosed by the retraction part and the zero force line.

6.2.2 Force-displacement measurements

FAd and WSe were determined from the retraction parts of force-displacement

curves (Figure 6.3). A sticky and compliant PDMS half-spheres were used as

probes (see Section 3.3.1).

The work of separation WSe is the energy required to detach the PDMS half-

sphere from the tested surface and corresponds to the area at negative forces

enclosed by the zero force line and the retraction part of a force-displacement

curve (Figure 6.3). The force-displacement measurements were carried out in the

presence or in the absence of mineral oil at the contact interface (see Section 3.4.4).

The mineral oil was supplied from the undersides of the nanoporous PS-b-P2VP
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specimens; in the case of TiO2-coated samples from the undersides opposite to

the TiO2-coated surfaces; in the case of NMMAs and TiO2-NMMAs from the flat

undersides opposite to the topographically patterned surfaces (Figure 6.1g and

6.1h). For this purpose, the undersides of the tested samples were placed on tissue

impregnated with mineral oil. Because the nanopore networks of all tested sam-

ples were open, it is reasonable to assume the limiting case of a drained scenario,

in which the deformation of the samples occurs at fixed pressure and in which the

mineral oil can flow in or out of a deforming volume.

6.2.3 Pull-off forces FAd

FAd on flat nanoporous PS-b-P2VP monoliths (either uncoated or coated with

TiO2)as well as on NMMAs, TiO2(60)-NMMAs and TiO2(100)-NMMAs was de-

termined from the retraction parts of force-displacement curves (Figure 6.4). The

results of quantitatively evaluated by statistical analysis (degrees of freedom and

P values for pairwise comparisons dry/wet and uncoated/TiO2(100)) are listed in

Tables 6.1 and 6.2. The following trends were observed:

1) Influence of topography. NMMAs, TiO2(60)-NMMAs and TiO2(100)-NMMAs

yielded FAd/FL values that were one order of magnitude smaller than those ob-

tained on the corresponding flat nanoporous monoliths. This outcome was ob-

served in the absence as well as in the presence of mineral oil at the contact

interface.

2) Flat nanoporous PS-b-P2VP monoliths: influence of mineral oil. In the pres-

ence of mineral oil, FAd/FL was in general smaller than in the absence of min-

eral oil. The set of all FAd/FL values obtained on uncoated and both types of

TiO2-coated flat nanoporous PS-b-P2VP monoliths in the absence of mineral oil
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Figure 6.4: Pull-off force FAd normalized to the loading force FL on flat
nanoporous PS-b-P2VP monoliths (uncoated and TiO2-coated) in the absence
(flat dry) and the presence (flat oil) of mineral oil at the contact interface, as
well as on NMMAs, TiO2(60)-NMMAs and TiO2(100)-NMMAs in the absence
(NMMAs dry) and in the presence (NMMAs oil) of mineral oil at the contact
interface. Each bar represents the average of six measurements. The error bars

denote standard deviations.

exhibited highly significant differences from the corresponding set of FAd/FL val-

ues obtained in the presence of mineral oil (Kruskal-Wallis one way ANOVA an

Ranks, Dunn’s Method; H5,37 = 31.474, P<0.001). All pairwise comparisons

of the FAd/FL values obtained on uncoated flat nanoporous PS-b-P2VP mono-

liths, flat nanoporous PS-b-P2VP/TiO2(60) monoliths and flat nanoporous PS-

b-P2VP/TiO2(100) monoliths in the absence and in the presence of mineral oil

revealed highly significant differences (t-test: P=0.005 and P<0.001).

3) Flat nanoporous PS-b-P2VP monoliths: influence of surface chemistry. With-

out mineral oil, the presence of TiO2 coatings on flat nanoporous PS-b-P2VP

monoliths resulted in increased FAd/FL values. The comparison of the set of

FAd/FL values obtained on uncoated flat nanoporous PS-b-P2VP monoliths with

the combined set of FAd/FL values obtained on flat nanoporous PS-b-P2VP/TiO2(60)
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and PS-b-P2VP/TiO2(100) monoliths revealed that in the presence of TiO2 FAd/FL

was significantly higher (Kruskal-Wallis one way ANOVA on Ranks, Dunn’s Method;

H2,16=8.159,P=0.017). The pairwise comparisons between the FAd/FL values ob-

tained under dry conditions on uncoated flat nanoporous PS-b-P2VP monoliths as

well as flat nanoporous PS-b-P2VP/TiO2(60) and PS-b-P2VP/TiO2(100) mono-

liths using the t-test and the Mann-Whitney rank sum test (P<0.05) revealed

that FAd/FL on uncoated flat nanoporous PS-b-P2VP monoliths was significantly

lower than on flat nanoporous PS-b-P2VP/TiO2(60) and PS-b-P2VP/TiO2(100)

monoliths. However, no significant difference in FAd/FL was found between PS-b-

P2VP/TiO2(60) and PS-b-P2VP/TiO2(100) monoliths (P>0.05).

The effect of TiO2 coating was reversed in the presence of mineral oil; FAd/FL

on uncoated flat nanoporous PS-b-P2VP monoliths tended to be higher than on

TiO2-coated PS-b-P2VP monoliths. The comparison of the FAd/FL values ob-

tained on uncoated flat nanoporous PS-b-P2VP monoliths and the coated PS-

b-P2VP/TiO2(60) and PS-b-P2VP/TiO2(100) monoliths showed significant dif-

ferences (one way ANOVA: F2,20=6.749, P=0.006). The pairwise comparison

of the FAd/FL values obtained on the different samples in the presence of min-

eral oil revealed that FAd/FL on uncoated flat nanoporous PS-b-P2VP monoliths

was significantly higher than on flat nanoporous PS-b-P2VP/TiO2(60) monoliths

(t-test: P<0.05). However, the comparisons of uncoated flat nanoporous PS-b-

P2VP monoliths with flat nanoporous PS-b-P2VP/TiO2(100) monoliths as well

as of flat nanoporous PS-b-P2VP/TiO2(60) monoliths with flat nanoporous PS-b-

P2VP/TiO2(100) monoliths did not reveal significant differences (P>0.05).

4) NMMAs: influence of mineral oil. In case of flat nanoporous PS-b-P2VP mono-

liths, FAd/FL on NMMAs was smaller in the presence than in the absence of min-

eral oil. The comparison of the combined set of the FAd/FL values obtained on

NMMAs, TiO2(60)-NMMAs and TiO2(100)-NMMAs in the presence of mineral oil

with that obtained in the absence of mineral oil revealed highly significant differ-

ences (Kruskal-Wallis one way ANOVA an Ranks: H5,35=27.308, P<0.001). The

pairwise comparison of TiO2(60)-NMMAs and TiO2(100)-NMMAs in the presence
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and the absence of mineral oil revealed a highly significant decrease in FAd/FL

in the presence of mineral oil (t-test: P<0.001 and P=0.001). However, for un-

coated NMMAs the differences were not significant (Mann-Whitney rank sum test:

P=0.126). TiO2(100) monoliths did not reveal significant differences (P>0.05).

5) NMMAs: influence of surface chemistry. In contrast to the results obtained on

flat nanoporous PS-b-P2VP monoliths, TiO2 coating increased FAd/FL on NMMAs

both in the presence and absence of mineral oil at the contact interface. This effect

was more pronounced for TiO2(100)-NMMAs than for TiO2(60)-NMMAs. Under

dry conditions, the set of FAd/FL values obtained on uncoated NMMAs showed

highly significant differences from the combined set of FAd/FL values obtained on

TiO2(60)- and TiO2(100)-NMMAs (one way ANOVA: F2,16=12.920, P<0.001).

The pairwise comparison of the FAd/FL values obtained under dry conditions on

NMMAs, TiO2(60)-NMMAs and TiO2(100)-NMMAs revealed that FAd/FL on un-

coated NMMAs was significantly lower than on TiO2(60)-NMMAs and TiO2(100)-

NMMAs (t-test and Mann-Whitney rank sum test: P<0.05). Moreover, FAd/FL

on TiO2(60)-NMMAs was significantly lower than on TiO2(100)-NMMAs (t-test:

P<0.05). In the presence of mineral oil the same trends were observed. FAd/FL

increased from uncoated NMMAs to TiO2(60)-NMMAs to TiO2(100)-NMMAs.

The set of FAd/FL values on uncoated NMMAs was significantly different from

the combined set of FAd/FL values obtained on TiO2(60)- and TiO2(100)-NMMAs

(Kruskal-Wallis one way ANOVA on ranks: H2,19=11.958, P=0.003). All pairwise

comparisons between the FAd/FL values obtained on NMMAs, TiO2(60)-NMMAs

and TiO2(100)-NMMAs in the presence of mineral oil revealed significant differ-

ences (t-test and Mann-Whitney rank sum test: P<0.05).

6) Minimization of FAd. The lowest FAd/FL values of 0.11 ± 0.01 were found for

NMMAs in the presence of mineral oil at the contact interface. For comparison,

in the absence of mineral oil the FAd/FL values on uncoated flat nanoporous PS-b-

P2VP monoliths and flat nanoporous PS-b-P2VP/TiO2(100) monoliths amounted
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to 3.52 ± 0.19 and 4.97 ± 0.51.

The Tables 6.1 and 6.2 below summarize the results of the statistical tests for

FAd/FL values. The following designations were used:

u: uncoated

60c: TiO2 coating by 60 ALD cycles

100c: TiO2 coating by 100 ALD cycles

d.f.: degrees of freedom

M.-W.: Mann-Whitney rank sum test

Statistically significant difference: P< 0.05

Table 6.1: Pairwise comparisons FAd/FL dry vs. wet.

sample type comparison d.f. P significant test

flat u vs u, oil 11 P=0.005 Yes t-test

flat 60c vs 60c, oil 10 P<0.001 Yes t-test

flat 100c vs 100c, oil 11 P<0.001 Yes t-test

NMMAs u vs u, oil 9 P=0.126 No M.-W.

NMMAs 60c vs 60c, oil 10 P<0.001 Yes t-test

NMMAs 100c vs 100c, oil 12 P<0.001 Yes t-test

Table 6.2: Pairwise comparisons FAd/FL uncoated vs. 100c.

sample type comparison d.f. P significant test

flat u vs 100c 11 P<0.001 Yes t-test

flat u vs 100c, oil 8 P<0.001 Yes t-test

flat u,oil vs 100c, oil 11 P=0.053 No t-test

flat 100c vs u,oil 14 P<0.001 Yes t-test

NMMAs u vs 100c 10 P=0.002 Yes t-test

NMMAs u vs 100c, oil 10 P=0.223 No t-test

NMMAs u,oil vs 100c, oil 11 P=0.003 Yes t-test

NMMAs 100c vs u,oil 11 P<0.001 Yes t-test
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6.2.4 Work of separation WSe

The overall WSe range was reached from (1.0 ± 0.3)∗10−9 J for uncoated NM-

MAs in the absence of mineral oil to (17.0 ± 1.2)∗10−8 J for flat nanoporous

PS-b-P2VP/TiO2(100) monoliths in the absence of mineral oil. Figure 6.5a dis-

plays WSe obtained on uncoated flat nanoporous PS-b-P2VP monoliths as well as

on flat nanoporous PS-b-P2VP/TiO2(60) and PS-b-P2VP/TiO2(100) monoliths,

Figure 6.5b WSe obtained on NMMAs, TiO2(60)-NMMAs and TiO2(100)-NMMAs

in the absence and in the presence of mineral oil. The following trends were noted:

1) Influence of topography. In the absence as well as in the presence of min-

eral oil, WSe obtained on NMMAs, TiO2(60)-NMMAs and TiO2(100)-NMMAs

was one to two orders of magnitude smaller than on flat nanoporous PS-b-P2VP,

PS-b-P2VP/TiO2(60) and PS-b-P2VP/TiO2(100) monoliths. Hence, the anti-

adhesive behaviour of NMMAs, TiO2(60)-NMMAs and TiO2(100)-NMMAs is also

apparent from the comparison of the corresponding WSe values. The differences

in WSe between flat nanoporous PS-b-P2VP/TiO2(60) monoliths and TiO2(60)-

NMMAs in the presence of mineral oil as well as between flat nanoporous PS-b-

P2VP/TiO2(100) monoliths and TiO2(100)-NMMAs in the presence of mineral oil

were highly significant (Kruskal-Wallis one way ANOVA on ranks: H5,32=29.554,

P<0.001). The differences in WSe between uncoated flat nanoporous PS-b-P2VP

monoliths and NMMAs in the presence of mineral oil as well as between all sample

pairs with different surface topography and the same surface chemistry under dry

conditions were even more pronounced.

2) Flat nanoporous PS-b-P2VP monoliths: influence of mineral oil. The pairwise

comparisons of the sets of WSe values obtained on the same sample in the ab-

sence and the presence of mineral oil revealed that on uncoated flat nanoporous

PS-b-P2VP monoliths WSe was significantly higher in the presence of mineral oil
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Figure 6.5: WSe determined by the evaluation of the retraction parts of force-
displacement curves. a) WSe on NMMAs, TiO2(60)-NMMAs and TiO2(100)-
NMMAs. b) WSe on flat nanoporous PS-b-P2VP monoliths as well as on TiO2-
coated flat nanoporous TiO2 monoliths. Each bar in panels a) and b) represents
the arithmetic mean value of six measurements. Standard deviations are indi-
cated by error bars. c) Ratios Wd/Ww of the average works of adhesion in the
absence (Wd) and in the presence (Ww) of mineral oil at the contact interface.
“Uncoated” and “u” denote samples not coated with TiO2, “60c” and “100c”

denote samples coated with TiO2 by 60 and 100 ALD cycles.
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(t-test: P<0.05). However, on flat nanoporous PS-b-P2VP/TiO2(60) and PS-b-

P2VP/TiO2(100) monoliths WSe was significantly smaller in the presence of min-

eral oil (Mann- Whitney rank sum test: P<0.05 and t-test: P<0.001). Supply

of mineral oil reduced WSe to 1/4 - 1/3 of the values obtained in the absence of

mineral oil.

3)Flat nanoporous PS-b-P2VP monoliths: influence of surface chemistry in the

absence of mineral oil. Under dry conditions, WSe on uncoated flat nanoporous

PS-b-P2VP monoliths was significantly smaller than on flat nanoporous PS-b-

P2VP/TiO2(60) and PS-b-P2VP/TiO2(100) monoliths. Coating of flat nanoporous

PS-b-P2VP monoliths with TiO2 was associated with an increase inWSe by a factor

of 1.8 (60 ALD cycles) and of 2 (100 ALD cycles). The comparison of the set of WSe

values obtained on uncoated flat nanoporous PS-b-P2VP monoliths with the com-

bined sets of WSe values obtained on flat nanoporous PS-b-P2VP/TiO2(60) and

PS-b-P2VP/TiO2(100) monoliths revealed significant differences (Kruskal-Wallis

one way ANOVA on ranks: H2,15=9.983, P=0.007). In the absence of mineral

oil, WSe on flat nanoporous PS-b-P2VP monoliths was significantly smaller than

on flat nanoporous PS-b-P2VP/TiO2(60) monoliths (t-test, P<0.05) and highly

significantly smaller than on flat nanoporous PS-b-P2VP/TiO2(100) monoliths

(Mann-Whitney rank sum test, P<0.001). However, there was no significant dif-

ference between flat nanoporous PS-b-P2VP/TiO2(60) and PS-b-P2VP/TiO2(100)

monoliths (Mann-Whitney rank sum test: P>0.05).

4) Flat nanoporous PS-b-P2VP monoliths: influence of surface chemistry in the

presence of mineral oil. With mineral oil, WSe on uncoated flat nanoporous

PS-b-P2VP monoliths was higher than on flat nanoporous PS-b-P2VP/TiO2(60)

monoliths as well as on PS-b-P2VP/TiO2(100) monoliths. Moreover, WSe on flat

nanoporous PS-b-P2VP/TiO2(60) monoliths was significantly smaller than on PS-

b-P2VP/TiO2(100) monoliths. All these differences were statistically significant (t-

test and Mann-Whitney rank sum test: P<0.05). The comparison of the set of WSe
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values obtained on uncoated flat nanoporous PS-b-P2VP monoliths with the com-

bined sets of WSe values obtained on flat nanoporous PS-b-P2VP/TiO2(60) and

PS-b-P2VP/TiO2(100) monoliths revealed highly significant differences (Kruscal-

Wallis one way ANOVA on ranks: H2,16=14.118, P<0.001).

5) NMMAs: influence of mineral oil. WSe tended to be higher in the presence

than in the absence of mineral oil. Highly significant differences in WSe were

found between the combined sets of WSe values obtained on NMMAs, TiO2(60)-

NMMAs and TiO2(100)-NMMAs in the absence and in the presence of mineral

oil (Kruskal-Wallis one way ANOVA an ranks: H5,30=25.041, P<0.001). However,

the pairwise comparison of the sets of WSe values obtained on the same samples

in the absence and the presence of mineral oil did not reveal significant differences

(t-test: P >0.05).

6) NMMAs: influence of surface chemistry in the absence of mineral oil. Under dry

conditions, WSe on TiO2(60)-NMMAs was ∼ 2.2 times higher and on TiO2(100)-

NMMAs ∼ 7.8 times higher than on uncoated NMMAs. The set of WSe values on

uncoated NMMAs was significantly different from the combined set of WSe values

obtained on TiO2(60)-NMMAs and TiO2(100)-NMMAs (Kruskal-Wallis one way

ANOVA on ranks: H2,15=12.345, P=0.002). Without mineral oil, the t-test and

the Mann-Whitney rank sum test indicated statistically significant differences (P

<0.05) for all pairwise comparisons between the sets of WSe values obtained on

uncoated NMMAs, TiO2(60)-NMMAs and TiO2(100)-NMMAs; the difference be-

tween the WSe values obtained on uncoated NMMAs and TiO2(60)-NMMAs was

highly significant (P <0.001).

7) NMMAs: influence of surface chemistry in the presence of mineral oil. The

trends observed in the presence of mineral oil were the same as those observed

in the absence of mineral oil. In the presence of mineral oil, WSe on TiO2(60)-

NMMAs was ∼ 3.2 times and WSe on TiO2(100)-NMMAs ∼ 9 times higher than on
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uncoated NMMAs. The difference between the set of WSe values measured on un-

coated NMMAs and the combined set ofWSe values obtained on TiO2(60)-NMMAs

and TiO2(100)-NMMAs was highly significant (one way ANOVA: F2,15=2.958, P

<0.001). The pairwise comparison of the sets of WSe values obtained on NMMAs,

TiO2(60)-NMMAs and TiO2(100)-NMMAs in the presence of mineral oil revealed

significant differences for all possible combinations (t-test, P <0.05).

The differences between flat nanoporous PS-b-P2VP monoliths and NMMAs are

obvious from a comparison of WSe in the absence of mineral oil at the contact

interface (thereafter referred to asWdry) and WSe in the presence of mineral oil at

the contact interface (thereafter referred to as Wwet) (Figure 6.5c). Wdry/Wwet

amounted to 0.84 for NMMAs, to 0.96 for TiO2(60)-NMMAs and to 0.73 for

TiO2(100)-NMMAs. Wdry/Wwet amounted to 0.75 for flat nanoporous PS-b-P2VP

monoliths, to 4.2 for flat nanoporous PS-b-P2VP/TiO2(60) monoliths and to 3.3

for flat nanoporous PS-b-P2VP/TiO2(100) monoliths.

The results of pairwise comparisons of WSe values for samples in dry and humid

test conditions are listed in Table 6.3. The comparisons of uncoated dry with

TiO2(100) are shown in Table 6.4.

Table 6.3: Pairwise comparisons WSe dry vs. wet.

sample type comparison d.f. P significant test

flat u vs u, oil 8 P=0.031 Yes t-test

flat 60c vs 60c, oil 9 P=0.006 Yes t-test

flat 100c vs 100c, oil 10 P<0.001 Yes M.-W.

NMMAs u vs u, oil 8 P=0.685 No t-test

NMMAs 60c vs 60c, oil 7 P=0.279 No t-test

NMMAs 100c vs 100c, oil 10 P=0.234 No t-test
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Table 6.4: Pairwise comparisons WSe uncoated vs. 100c.

sample type comparison d.f. P significant test

flat u vs 100c 10 P<0.001 Yes t-test

flat u vs 100c, oil 8 P<0.001 Yes t-test

flat u,oil vs 100c, oil 8 P<0.001 Yes t-test

flat 100c vs u,oil 10 P<0.001 Yes t-test

NMMAs u vs 100c 9 P<0.001 Yes t-test

NMMAs u vs 100c, oil 9 P<0.001 Yes t-test

NMMAs u,oil vs 100c, oil 9 P<0.001 Yes t-test

NMMAs 100c vs u,oil 9 P<0.001 Yes t-test

6.3 Discussion

6.3.1 Influence of topography

Dry adhesion between two solid surfaces is reduced by a minimization of the real

contact area as discussed in Sections 4.3 and 5.3. FAd/FL was most efficiently

reduced on mixed monolithic PS microsphere arrays containing PS microspheres

with rs values of 12.5 and 22.5 µm. Force-displacement measurements at several

different positions reproducibly yielded FAd/FL values amounting to only 6% of

the value measured on flat reference samples; the standard deviation was even

smaller than on PS microsphere arrays consisting of only one microsphere species

(see Sections 4.2 and 4.3). The surface topography of the mixed monolithic arrays

of PS microspheres with rs values of 12.5 µm and 22.5 µm can be considered as

hierarchical defect structure (similar to non-contiguous microsphere arrays), on

which the actual contact area with the PDMS half-sphere is even more efficiently

minimized than on surface topographies characterized by a single rs value. Force-

displacement measurements with on NMMAs revealed a decrease in FAd/FL up to

4 times if RH was increased from 2 % to 90 % (see Sections 5.2.2 and 5.3). Adhe-

sion force was most efficiently reduced on NMMA-12.5/22.5 at low as well as high

humidities. The topography-induced reduction in FAd and WSe observed for mixed

PS microsphere arrays could be reproduced with NMMAs and TiO2-NMMAs. In
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the absence of mineral oil, FAd/FL and WSe were one order of magnitude smaller

than on the corresponding flat nanoporous counterpart surfaces (Figures 6.4 and

6.5). Hence, under dry conditions the anti-adhesive properties of mixed mono-

lithic microsphere arrays with rs values of 12.5 and 22.5 µm were reproduced on

non-polar PS, on aprotic-polar P2VP, and on hydroxyl-terminated TiO2 indepen-

dent of the surface chemistry. It should be noted that ordered binary microsphere

arrays [58] and ordered non-contiguous 2D microsphere arrays [139] reported in

literature are typically characterized by rs values ranging from a few 100 nm to a

few microns (see Secrion 2.3.2). Therefore, for these surfaces rather adhesion en-

hancement than anti-adhesive behaviour towards compliant counterpart surfaces

is to be expected.

6.3.2 Influence of surface chemistry

The increase in FAd/FL and WSe under dry conditions associated with ALD de-

position (see Sections 2.3.3.1 and 3.1.3.3) of TiO2, which is independent of the

surface topography (flat, NMMAs), can be rationalized by assuming the forma-

tion of TiO2-PDMS hydrogen bonds. The hydroxyl groups at the surface of TiO2

coating can form hydrogen bonds with the backbone oxygen atoms which each

PDMS repeated unit contains. In contrast, the surface of the uncoated sam-

ples consists of aprotic P2VP blocks. Under dry conditions, adhesion between

the PDMS half-spheres and the P2VP predominantly originates from the van der

Waals interactions since neither P2VP nor PDMS possess acidic hydrogen atoms,

as required for the formation of hydrogen bonds. The importance of the long-

range van der Waals forces and contributions of subsurface layers to dry Gecko

adhesion was stressed by Loskill et al. [140]. The polarizability of a material, that

is, the ease with which non-permanent dipole moments can be induced by external

fields, crucially determines the strength of the van der Waals interactions with this

material. Adhesion on silicon wafers decreased along with increasing thickness of

a silicon oxide layer covering silicon, because the polarizability of silicon oxide is
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smaller than that of silicon. The examined systems consist of a nanoporous PS-b-

P2VP scaffold. Every repeat unit of the PS and P2VP blocks contains aromatic

phenyl (PS) or pyridyl (P2VP) rings comprising easily displaceable π atoms. Thus,

it is reasonable to assume that the polarizability of PS-b-P2VP is higher than that

of TiO2. The contributions of the polarizable aromatic rings to the interfacial

interactions should be reduced if they are buried below a dielectric TiO2 layer.

However, the increase in FAd/FL associated with the presence of TiO2 coatings

corroborates the notion that TiO2-PDMS hydrogen bonds dominate interfacial in-

teractions in the presence of TiO2. The increase in FAd/FL and WSe along with

larger numbers of ALD cycles might be attributed to increased real contact areas

related to thicker ALD coating and to denser TiO2 layers with higher area densi-

ties of hydroxyl groups.

6.3.3 Influence of interfacial liquid on the pull-off force FAd

For all NMMA species as well as for all types of flat nanoporous PS-b-P2VP

monoliths studied here, FAd/FL tended to be smaller in the presence than in the

absence of mineral oil (Figures 6.4 and 6.5). This outcome is in contrast to the re-

sults obtained on nanoporous fibrillar adhesive pads made of the same PS-b-P2VP

block copolymer; on the nanoporous fibrillar adhesive pads, supply of mineral oil

resulted in a pronounced increase in FAd/FL by one order of magnitude. This

increment was ascribed to capillarity-supported formation of solid–solid contact

(see Section 2.4.3). Solid-solid contacts may form in the absence as well as in the

presence of mineral oil. According to the modified Schargott-Popov-Gorb model,

the probability of contact formation between nanorod-like contact elements and

a counterpart surface influences FAd/FL [141]. Capillarity-supported formation of

solid-solid contact mediated by liquid bridges was assumed to increase this prob-

ability of contact formation and, therefore, FAd/FL [128]. The bendability of the
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nanorod-like contact elements appears to be crucial to this effect. Capillarity-

supported formation of solid–solid contact is, therefore, a peculiar feature of fib-

rillar nanoporous adhesive pads. As shown in the previous chapter, the adhesion

force measured on NMMAs prepared from the exact same material as the adhe-

sive pads was low even at RH = 90 % (see Sections 5.2.2 and 5.3). In the case of

flat nanoporous PS-b-P2VP monoliths and NMMAs, the absence of flexible topo-

graphic features with high aspect ratios prevents capillarity supported formation

of solid-solid contact, indicating that the impact of interfacial liquid on solid-solid

contact formation differs for different surface topographies.

The reduction in FAd/FL on the samples studied in this chapter caused by the sup-

ply of mineral oil might be rationalized as follows. For a given contact geometry,

changes in FAd/FL caused by the presence of liquids at contact interfaces depend

on the Hamaker constants [142] of the involved materials . In general, liquid sup-

ply may result in an increase or in a decrease in FAd/FL. The observed decrease in

FAd/FL corroborates the notion that the solid-solid interactions between sample

surface and PDMS half-sphere are partially screened by the mineral oil. A second

contribution to the reduction in FAd/FL could be related to poroelastic effects.

The presence of mineral oil in the nanopores may reduce the deformability of the

nanoporous PS-b-P2VP scaffold, which in turn would reduce the actual contact

area with the PDMS half-sphere during force-displacement measurements. The

mineral oil inside the nanopores would need to be displaced when the nanopores

are squeezed by application of pressure. Since the nanopore systems of all tested

samples are continuous and open, drainage of liquid away from the contact inter-

face is, in principle, possible. In the case of the nanoporous fibrillar PS-b-P2VP

adhesive pads studied in reference (see section 2.4.3), the high surface-to-volume

ratio of the nanoporous fibrillar contact elements enables highly efficient drainage

of mineral oil in response of applied pressure; thus, the impact of poroelastic-

ity may be reduced. However, the topographies of NMMAs and flat nanoporous

PS-b-P2VP specimens prevent such efficient drainage processes so that the im-

pact of poroelastic stiffening might be more pronounced. On the other hand,
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there are also effects related to the presence of mineral oil that may even increase

FAd/FL. First, the elastic modulus of the PS-b-P2VP scaffold may be reduced

by partial swelling of the PS-b-P2VP with mineral oil. However, the pronounced

incompatibility of PS and P2VP [143] should prevent plastic deformation of the

PS-b-P2VP scaffold by terminal flow. Secondly, capillarity-induced deformation

of the involved surfaces [144–147] could counteract poroelastic stiffening. Yet, it

is difficult to evaluate the contributions of these at least in part counteracting

effects to the observed decrease in FAd/FL upon mineral oil supply. Evidently, the

effects leading to increased FAd/FL values prevail for the scenarios considered here.

6.3.4 Influence of interfacial liquid on the work of separa-

tion WSe

WSe is a second quantity that describes the separation of contacting counterpart

surfaces. WSe includes the energy required to loosen the solid-solid contact be-

tween sample surface and PDMS half-sphere. In the presence of mineral oil, WSe

also contains the energy required to stretch and rupture the liquid bridges be-

tween the contacting surfaces. This additional capillarity contribution arises from

the Laplace pressure across the surfaces of the liquid bridges and from contact

line tension [148]. However, the surfaces studied here are microscopically rough,

corrugated and porous. The outermost P2VP blocks of the polymeric scaffold of

uncoated samples might be partially swollen. Cohesion of the mineral oil inside

the nanopore systems may play a role. Finally, it is unclear whether the liquid

bridges are in mechanical equilibrium. Hence, it is challenging to quantitatively

model the detachment of the PDMS half spheres. Nevertheless, the stretching and

rupturing of the liquid bridges during the retraction of the PDMS half sphere in-

fluences only WSe as these phenomena take place after passing the force minimum

at pull-off representing FAd.
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PS-b-P2VP monoliths as well as on NMMAs and TiO2-NMMAs supply of mineral

oil is accompanied by an increase in WSe. Hence, reductions of the solid-solid

contributions WSe related to poroelastic effects in the presence of mineral oil are

overbalanced by additional capillary contributions. However, on TiO2-coated flat

nanoporous PS-b-P2VP monoliths, WSe obtained without mineral oil is larger

than WSe obtained in the presence of mineral oil. This difference to uncoated flat

nanoporous PS-b-P2VP films, NMMAs and TiO2-NMMAs cannot be explained by

poroelastic effects that would likewise be effective in the absence of TiO2 coating.

Instead, on TiO2-coated flat nanoporous PS-b-P2VP monoliths the decrease in the

solid-solid contributions to WSe caused by mineral oil supply must be stronger than

the increase in WSe related to capillarity. On the one hand, the solid-solid inter-

actions between PDMS half-spheres and TiO2-coated flat nanoporous PS-b-P2VP

monoliths should be stronger than between PDMS half spheres and uncoated flat

nanoporous PS-b-P2VP monoliths so that screening of solid-solid interactions by

mineral oil has a more dramatic impact on TiO2-coated flat nanoporous PS-b-

P2VP monoliths. On the other hand, the absolute contact area between TiO2-

coated flat nanoporous PS-b-P2VP monoliths and the PDMS half-sphere within

the contour of the contact circle is much larger than that between NMMAs and

TiO2-NMMAs. Thus, the importance of solid-solid interactions relative to capil-

larity is more pronounced on TiO2-coated flat nanoporous PS-b-P2VP monoliths

than on TiO2-NMMAs.

6.3.5 Interfacial liquid and surface chemistry

In the presence of mineral oil, FAd and WSe on TiO2-coated flat nanoporous PS-b-

P2VP monoliths tend to be smaller than on uncoated flat nanoporous PS-b-P2VP

monoliths. This finding may be rationalized as follows. Taking into account

that the surface of uncoated flat nanoporous PS-b-P2VP monoliths is corrugated,

already small local deformations of the PS-b-P2VP scaffold may increase the con-

tact area to the PDMS half-sphere. Such deformations may be facilitated by
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softening related to partial swelling of the PS-b-P2VP with mineral oil. Simi-

lar effects were previously reported for solid specimens; for example, softening of

fresh Lotus leafs section (see Section 2.1.1) by moisture resulted in increased ac-

tual contact areas and higher adhesion as compared to rigid artificial analogues

[125]. Moreover, moisture-induced softening resulted in adhesion enhancement

on bioinspired fibrillar adhesive pads [128] (see section 2.4.3). On the other hand,

capillarity-induced surface deformation may result in better adhesion between soft

and elastic surfaces than between rigid surfaces [144–147]. Despite the possible

occurrence of softening-induced increase in the contact area, FAd/FL decreases if

mineral oil is supplied. This behaviour may originate from other effects coun-

teracting the softening-induced increase in the contact area, as discussed above.

However, surface-induced softening may allow rationalizing the different behaviour

of uncoated and TiO2-coated flat nanoporous PS-b-P2VP monoliths apparent in

the presence of mineral oil. Stiff TiO2 coating reduces the mechanical compliance

of mineral oil-containing flat nanoporous PS-b-P2VP monoliths and suppresses,

therefore, softening of the sample surface. Hence, under wet conditions the actual

contact areas between TiO2-coated flat nanoporous PS-b-P2VP monoliths and

PDMS half-spheres are smaller than the actual contact areas between uncoated

flat nanoporous PS-b-P2VP monoliths and PDMS half-spheres. TiO2-induced

surface stiffening is evidently not balanced by the interactions between the TiO2

surface hydroxyl groups and the PDMS half-spheres. This outcome supports the

view that screening of interfacial solid-solid interactions between TiO2-coated flat

nanoporous PDMS monoliths and PDMS half-spheres by mineral oil influences

contact mechanics.

6.3.6 Interfacial liquid and surface topography

In contrast to the results obtained on flat nanoporous PS-b-P2VP monoliths, min-

eral oil-containing TiO2-NMMAs show higher FAd and WSe values than uncoated
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mineral oil-containing NMMAs. Obviously, the surface topography of the NM-

MAs and TiO2-NMMAs weakens the effects that result in higher FAd and WSe

values on uncoated than on TiO2-coated flat nanoporous PS-b-P2VP monoliths

in the presence of mineral oil. Local softening of the NMMAs by mineral oil, as

discussed above, does apparently not result in significant increases in the actual

contact areas with the PDMS half-spheres as compared to dry NMMAs, because

the NMMAs form only focal contacts with the PDMS half sphere at the caps of the

microspheres. Stiffening of the NMMA surfaces by TiO2 coating does in turn not

significantly reduce the actual contact areas with the PDMS halfspheres as com-

pared to uncoated mineral-oil soaked NMMAs. On the other hand, screening of

the TiO2-PDMS solid-solid interactions by mineral oil is apparently less efficient on

TiO2-NMMAs than on TiO2-coated flat nanoporous PS-b-P2VP monoliths. Pos-

sibly, this effect is related to the drainage of the mineral oil into the gaps between

the TiO2-NMMA microspheres. Thus, mineral oil might be depleted at the caps of

the TiO2-coated microspheres forming the contacts with the PDMS half-spheres.

If one assumes that FAd predominantly depends on the strength of the solid-solid

contact, the higher FAd values on mineral oil-soaked TiO2-NMMAs as compared

to mineral oil soaked NMMAs could then be rationalized by strong TiO2-PDMS

interactions even in the presence of mineral oil. Finally, TiO2-NMMAs have much

smaller solid-solid contact areas with the PDMS half-spheres than TiO2-coated

flat nanoporous PS-b-P2VP monoliths. On mineral oil-soaked TiO2-NMMAs the

capillary contributions to WSe thus overcompensate possible reductions of the

solid-solid contributions to WSe related to the presence of mineral oil.

6.4 Conclusion

Nanoporous monoliths that allow delivery of liquids to their contact surfaces

through continuous spongy nanopore systems with mean pore diameters of a few

10 nm have been prepared. Thus, wet adhesion in the presence of liquid at the

contact surface could deliberately be exploited to tailor contact mechanics. It
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has been comparatively investigated samples with aprotic polymeric or titania

surfaces that had either macroscopically flat surface topography (flat nanoporous

PS-b-P2VP monoliths) or surface topographies characterized by arrays of micro-

spheres with diameters of a few 10 µm (NMMAs). Adhesion under both dry and

wet conditions was investigated by force-displacement measurements using sticky

probes, an experimental technique optimized for the characterization of weakly

adhesive surfaces. On all samples, the pull-off forces FAd were smaller under wet

than under dry conditions. Possible origins of the reduction of FAd by mineral

oil supply may include screening of solid-solid interactions by the liquid or poroe-

lastic effects. The impact of interfacial liquids on the work of separation WSe is

more complex, since WSe is also influenced by capillarity. Under dry conditions,

lower values of FAd and WSe were obtained on flat nanoporous monoliths with

polymeric surface than on TiO2-coated flat nanoporous monoliths, because the

latter form hydrogen bonds to the sticky probes. Under wet conditions, this trend

was reversed; FAd and WSe on flat nanoporous monoliths with TiO2 surface were

smaller than on flat nanoporous monoliths with aprotic polymeric surface. This

result may be rationalized by the suppression of deformations related to liquid-

induced softening, which increase the actual contact area and thus adhesion, by

stiff TiO2 coating. In this specific case, the enhanced interactions between TiO2

and the sticky probes did not balance the stiffening-induced decrease in adhesion,

possibly because of partial screening of interfacial solid-solid interactions by inter-

facial liquid. Moreover, WSe on TiO2-coated flat nanoporous monoliths drastically

decreased under wet conditions as compared to dry conditions. Hence, under wet

conditions the additional capillary contributions to WSe did not compensate the

screening of interfacial solid-solid interactions by the liquid. On NMMAs and

TiO2-NMMAs, FAd and WSe were reduced by one order of magnitude as com-

pared to their flat nanoporous counterparts. Thus, NMMAs and TiO2-NMMAs

showed anti-adhesive properties. Furthermore, the impact of liquid-induced sur-

face deformation and screening of interfacial solid-solid interactions by liquid on

adhesion was drastically reduced on NMMAs and TiO2-NMMAs. In contrast to

the flat nanoporous monoliths, FAd and WSe values were found to be larger for
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TiO2-NMMAs than for NMMAs under both dry and wet conditions. Moreover,

WSe on NMMAs and TiO2-NMMAs increased upon supply of liquid because ad-

ditional capillary contributions overcompensated any liquid induced decrease in

interfacial solid-solid interactions.



Chapter 7

Summary and Outlook

Inspired by the anti-adhesive properties of the slippery zone of Nepenthes alata

pitcher, the artificial surfaces consisting of monolithic microsphere arrays within

the diameter range 0.2 - 45 µm were developed. For preparation of synthetic

anti-adhesives, two different designs, PS microsphere arrays for dry adhesion and

porous PS-b-P2VP microsphere arrays for wet adhesion tests, respectively, were

investigated. In both cases, microsphere arrays tightly connected to the underlying

substrate were accessible by a two-step replication process from one microsphere

monolayer. In case of dry test conditions, the adhesion force FAd of monolithic PS

microsphere arrays on sticky PDMS counterpart surfaces was reduced by one order

of magnitude as compared to that on flat PS films. The average values for FAd

was found to be 10 to 15 % of adhesion force measured on the corresponding flat

nanoporous monoliths Fflat. Modelling the dependence of the adhesion force on

the microsphere diameter revealed that for compliant counterpart surfaces, anti-

adhesive behavior is to be expected for a microsphere radius range from 20 to 80

µm. The most pronounced reduction in the adhesion force was observed on mix-

tures of PS microsphere with radii values of 12.5 and 22.5 µm. In this instance,

the adhesion force was amounted only 6 % of Fflat.

Besides the optimization of the surface topography, liquid delivery to the con-

tact interface is another parameter for adhesion management. As a next step, a

118
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continuous nanopore system allowing liquid delivery to the contact interface was

combined with most promising anti-adhesive topography. PS-b-P2VP monolithic

microsphere arrays with diameters of 12.5 µm, 22.5 µm and the mixture of mi-

crospheres with a forementioned radii were fabricated. Selective swelling of P2VP

block yielded porous spongy-like arrays of microspheres with an average pore diam-

eter of 40 nm. The anti-adhesive properties of nanoporous PS-b-P2VP monolithic

microsphere arrays (NMMAs) were tested as a function of relative humidity (RH ).

Adhesion measurements were performed in a chamber at a controlled RH of either

2 or 90 %. FAd at low as well as at high RHs was found to be reduced by at least

2-4 times as compared to Fflat. FAd on porous PS-b-P2VP microsphere arrays

remains low independent of RHs.

To investigate the influence of the surface chemistry on the anti-adhesive prop-

erties, NMMAs and flat nanoporous PS-b-P2VP reference samples were coated

with a thin TiO2 film using low temperature atomic layer deposition. The in-

vestigated NMMAs had surface topographies which were characterized by arrays

of microspheres with diameters of 12.5 and 22.5 µm. Adhesion tests were per-

formed in the presence and absence of mineral oil, respectively, at the contact

interface. On all samples, FAd was smaller under wet compared to dry conditions

presumably due to screening of solid-solid interactions by the liquid or poroelastic

effects. Lower values FAd and WSe were obtained on flat nanoporous monoliths

as compared to flat nanoporous monoliths with TiO2 surface in the absence of

mineral oil at the contact interface owing to the formation of hydrogen bonds be-

tween TiO2 coated surface and the sticky PDMS probes. Under wet conditions,

this trend was reversed; FAd and WSe on oxidic surface were smaller than on flat

nanoporous monoliths with aprotic polymeric surface. In this case, liquid-induced

softening of polymer was not compensated by enhanced interactions between TiO2

and PDMS surface. The influence of topography on adhesion as follows. FAd and

WSe values obtained on NMMAs and TiO2-NMMAs were reduced by an order

of magnitude compared to their flat nanoporous counterparts. For NMMAs and

TiO2-NMMAs, the impact of liquid-induced surface deformation and screening of
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interfacial solid-solid interactions was drastically reduced under dry and wet con-

ditions. The structure of the extracted TiO2 film was precisely replicated from

the solid skeleton of intial NMMAs.

The conservation of the anti-adhesive behavior toward sticky counterpart surfaces

even at relative humidities of 90 % and under wet conditions, respectively, suggests

that polymeric monolithic microsphere arrays can be used as robust and generic

anti-adhesive surfaces under a broad range of operational conditions. Moreover, it

was demonstrated that such surface topography may show anti-adhesive behavior

against cells.



Appendix

Abbreviations

The following abbreviations are used in the thesis

2D two-dimensional

3D three demensional

Φ(z) probability density function

µ Tabor parameter

νPS Poisson’s ratio of PS

νPDMS Poisson’s ratio of PDMS

∆γ change in surface energy

∆γmax effective change in surface energy during pull-off

∆d spring extension

A

Al aluminum

Au gold

Ag silver

AgAc silver acetate

Al2O3 aluminum oxide, alumina

ALD atomic layer deposition

AAO anodic aluminium oxide
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A contact area

Asub area of substrate

As area of spherical particle

a radius of contact

ap radius of contact area at pull-off force

aH radius of contact (Hertz model)

aJKR radius of contact (JKR model)

aDMT radius of contact (DMT model)

B

BCP block copolymer

BCPs block copolymers

C

Cu copper

CuCl2 ∗ 2H2O copper(II) chloride dihydrate

Co cobalt

CO2 carbon dioxide

C2H2O oxalic acid

D

D fractal dimension

DMT Derjaguin-Muller-Toporov model

dc apparent displacement

d0 displacement of the unloaded curve

dmax displacement at maximum adhesion

E

ET exposure time

E∗ effective elastic modulus (theory)

E effective elastic modulus (experiment)
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EPS elastic modulus of PS

EPDMS elastic modulus of PDMS

E1 elastic modulus of indenter

E2 elastic modulus of half-space

F

F force

FAd adhesion force or pull-off force

FL loading force

Fflat adhesion force measured on the flat reference

F
′
pr nominal force of separation

Fpr corrected detachment force

Fe iron

Fe2O3 iron oxide

FSB fetal bovine serum

G

Ge germanium

H

HCl hydrochloric acid

H2O water

H2SO4 sulfuric acid

H3PO3 phosphoric acids

h characteristic roughness height

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

HeLa immortal cancer cell line

I

Ir iridium
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IHEISA isothermal heating evaporation-induced self-assembly

K

k spring stiffness

L

LED Light Emitting Diode

l root mean square roughness or characteristic roughness wavelength

M

Mo molybdenum

Mn manganese

MEM Minimum Essential Medium

Mn number-average molecular weight

Mw weight-average molecular weight

N

N. alata Nepenthes alata

N2 nitrogen

Ni nickel

NMMA nanoporous monolithic microsphere array

O

O2 oxigen

P

Pt platinum

Pd palladium

PDMS poly(dimethyl siloxane)
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PS polystyrene

PS-b-P2VP P2VP poly(2-vinyl pyridine)

PLA polyactide

PVS polyvinylsiloxan

PMMA poly(methylmethacrylate)

polystyrene-block-poly(2-vinyl pyridine)

PLD pulsed laser deposition

PBS paraformaldehyde

p(r) radial stress distribution

p0 maximum contact pressure

p
′
0 contact stress coefficient

R

Ru ruthenium

Rh rhodium

RH relative humidity

R effective radius

R1 radius of sphere 1

R2 radius of sphere 2

rs microsphere radius

Ra arithmetic average

rms root mean square

S

SA self-assembly

Si silicon

Sb antimony

SiO2 silica

SLIPS slippery liquid infused porous surfaces
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T

Ta tantalum

Ti titanium

Tg glass transition temperature

TiO2 titanium dioxide

TiO2-NMMAs coated with TiO2 film

TiO2(60)-NMMAs nanoporous microsphere arrays coated with TiO2 by 60 ALD

cycles

TiO2(100)-NMMAs nanoporous microsphere arrays coated with TiO2 by 100 ALD

cycles

TiCl4 titanium tetrachloride

THF tetrahydrofurane

U

UV ultraviolet

W

W wolfram

WSe work of separation

Y

Y yttrium

Z

ZnO zinc oxide

z height

z0 equilibrium separation
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