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Abstract

This study focuses on fabrication of dry adhesives mimicking gecko adhesion. We also look
into the origin of the supreme adhesion of geckos, which have inspired the fabrication of
fibrillar dry adhesives during the last decade or so. In principle, the superior material
properties of f-keratin (the main material comprising the fibrillar feature on gecko toe pads)
along with the hierarchical high aspect-ratio fibrillar structure of geckos’ foot pad have
enabled geckos to stick readily and rapidly to almost any surface in both dry and wet
conditions. In this research, non-sticky fluoropolymer (Teflon AF) resembling f-keratin
rigidity and having an extremely low surface energy and dielectric constant was applied to
fabricate a novel dry adhesive consisting of extremely high aspect-ratio nanopillars (200 nm
in diameter) terminated with a fluffy top nanolayer. Both the nanopillars and the terminating
layer were fabricated concurrently by replica-molding using a nanoporous anodic aluminum
oxide membrane as the mold. In particular, upon infiltration of Teflon AF melt into the
anodic aluminum oxide nanopores, the polymer melt fingered over the pore walls. The
fingerlike structure formed during infiltration, subsequently collapsed after removal of the
mold, developing a unique sheet-like nanostructure on top of the base nanopillars.
Concurrent fabrication of the terminating nanostructure helps the fabrication of extremely
high aspect-ratio (27.5-225) nanopillars which, up to an aspect-ratio of 185, neither collapse
at the tip nor bundle. In order to fabricate nanopillars of different topographical properties, in
our first approach, the height of the nanopillars as well as the size and density of the

terminating nanostructure are carefully controlled by adjusting the processing temperature.
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Following that, a novel replica-molding technique for fabrication of bi-level Teflon AF
nanopillars is reported. The developed technique relies on the concurrent heating and cooling
of the Teflon AF melt which filled vertically-aligned alumina nanochannels. Unlike
conventional polymer infiltration methods which consist of filling the mold by only heating
the polymer above its glass transition temperature, in our novel method, the polymer melt is
also simultaneously cooled down during the infiltration process. Concurrent cooling of the
Teflon AF melt allows control over the interfacial instabilities of the polymer thin film,
which forms ahead of the polymer melt upon its infiltration into the alumina nanochannels.
Doing so, the geometrical properties of the subsequently developed peculiar fluffy
nanostructure — after removal of the mold — on top of the extremely high aspect-ratio Teflon

AF nanopillars (~25 ym tall) are modified.

In this project, we have also shown that the adhesion of the fabricated dry adhesives for the
most part arises from electrostatic interactions of the applied polymer. In other words, Teflon
AF, having an exceptional potential for developing electric charges at its surface upon
contact with other materials via the so-called contact electrification phenomenon, can
develop significant electrostatic interactions at its surface upon contact. In the current thesis,
tribological results were discussed in detail to clarify the contribution of the structural
properties of the fabricated dry adhesives toward their remarkable adhesion and friction
forces generated via contact electrification. Nanopillars of specific geometrical properties
have achieved remarkable adhesion and friction strengths, up to ~2.1 N/em® and 17 N/cm?,

respectively (up to ~2.1 and 1.7 times larger than those of a gecko toe pad).
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It is commonly accepted that the adhesive performance of other synthetic bio-inspired dry
adhesives is due to the formation of van der Waals interactions at the tip or side of the dry
adhesives fibrils with the substrate they are brought into contact with. However, what has
been usually neglected in this connection is that electrostatic interactions may also be
developed at the contact between any two materials via the familiar contact electrification
phenomenon. Although contact electrification is common and can have a large influence on
interfacial interaction forces, its impact on adhesive properties of synthetic dry adhesives has
been overlooked. Our results on adhesion of bi-level Teflon AF nanopillars, which can
generate strong adhesion forces relying on electrostatic interactions arising from contact
electrification, have brought to light again the idea that charging the surface of dry adhesives,
specifically polymeric ones, can play a very crucial role in their adhesive behavior. From this
perspective, the main reasons that have caused this lack of attention to this concept and the
possible contributions of contact electrification to interfacial interactions of polymeric dry
adhesives, other than bi-level Teflon AF nanopillars, are also thoroughly discussed in this

thesis.

Besides synthetic fibrillar dry adhesives, the possibility of the occurrence of contact
electrification and its contribution to the supreme dry adhesion of geckos have also been
overlooked for several decades. In this research, by the simultaneous measurement of electric
charges and adhesion forces that gecko toe pads develop on two distinct substrates (a sticky
and a non-sticky one), we have shown that the toe pads generate significantly large amounts
of electric charge on both substrates. More importantly, we have found that there is a direct

correlation between the contact electrification-driven electrostatic forces and the measured



adhesion forces. Otherwise stated, we have shown that what makes the difference that geckos
stick strongly to one surface and not to the other are the electrostatic interactions arising from
contact electrification, and not van der Waals interactions, which have been considered as the

prime source of adhesion of geckos for many years.
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Chapter 1. Introduction, Motivation, and Thesis Outline

It is not exactly known when the first time was that human beings used nature as the
prototype to produce biomimetic tools and devices, but it is well accepted that if it was not
for the imitation of flying birds, maybe airplanes would never exist! Transferring ideas from
nature to technology is essentially a shortcut to fabrication of novel materials and structures
by employing biological ideas and principles which nature has developed over millions of
years of evolution [1]. However, ‘prototyping’ biological systems for the production of
biomimetic replicas requires that these ‘prototypes’ and also the produced ‘replicas’ be

experimentally examined and theoretically analyzed.

In this connection, groundbreaking research has been conducted — during the last century or
so — to shed light on the principles of fibrillar adhesion systems that animals and insects, like
geckos and spiders, employ for their locomotion [2-14]. In the search for fabricating novel
synthetic bio-inspired fibrillar adhesives (also known as dry adhesives) with high-end
properties, a new series of studies was initiated in the early 2000s [15-19], contemporary
with elucidating the adhesion mechanism of the world supreme climbers, namely, geckos
[2,3]. Strong, directional, and repeatable, the flawless adhesion of geckos has become the
prime example for the fabrication of the majority of bio-inspired dry adhesives, essentially
the adhesives of a new era! Keeping the sticky foot pads of geckos in mind, scientists are
basically trying to pursue the fantasy of a science-fictional character, Spider-Man, a fantasy
which nowadays is — more than ever — fairly close to reality.
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The gecko’s extraordinary climbing and locomotion abilities are attributed to arrays of
thousands of fine microscopic fibrils (commonly named setae), which split up at the tips into
hundreds of nanoscale spatulas [2,4,5]. The hierarchical level and high aspect-ratio (AR) of
the structure which is mainly made up of a rigid material (i.e., f-keratin, Young’s modulus =
2 GPa) [20,21], bring the effective elastic modulus of the whole setae arrays down to ~100
kPa, enhancing the compliance and adaptability of the toe pad to the substrate the animal
wants to walk on or cling to [6]. For fabrication of a synthetic dry adhesive, such design
constraints (i.e., high AR and hierarchical structure) [16-18,22-24] point to the direction of a
rigid material with low surface energy, thus allowing for the fabrication of tall and narrow

pillars with a hierarchical level on top.

In the current research, we have succeeded in fabricating nanopillars terminated with a fluffy
sheet-like nanostructure on the top, comparable (but not exactly identical) to both the flat
structure of thin-film-terminated dry adhesives and the smaller-scale feature of hierarchical
gecko-inspired adhesives (see Figure 1.1). The terminating nanostructure which effectively
hindered the collapse of the nanopillars at the tip was initially developed upon infiltration of
the employed polymer (Teflon AF; surface energy = 15.7 mJ/m*, Young’s modulus = 1.5
GPa) [25] into anodic aluminium oxide (AAQO) nanopores. In principle, due to extremely
high surface energy of AAO nanopore walls, the penetration of Teflon AF melt in the mold
took place with formation of a thin (typically < 100 nm) precursor film ahead of the

developing polymer melt. Caused by thermocapillarity-driven stresses at the contact line of

2



the precursor film, the generated thin film fingered over the nanopore walls (the so-called
fingering phenomenon) [26-28], and resulted in the formation of a novel fingerlike structure
ahead of the penetrating Teflon AF melt [29]. After solidification of the polymer melt and
removal of the mold, the fingered hierarchical structure collapsed during the drying step and

formed a fluffy sheet-like nanostructure on top of the nanopillars (Figure 1.1).

|_|

Figure 1.1. Scanning electron microscope (SEM) images (45°-view) of bi-level Teflon AF nanopillars.
Extremely high AR (up to 185) nanopillars of 200 nm in diameter are terminated at the tip with a unique
fluffy nanolayer of the same material. The magnified image is from the top.

Concurrent fabrication of the terminating nanostructure helped the fabrication of extremely
high AR nanopillars which, up to an AR of 185, neither collapse at the tip nor bundle. In
order to fabricate nanopillars of different topographical properties, the height of the

nanopillars as well as the size and density of the terminating nanostructure were carefully
3



controlled by adjusting the processing temperature.

We have also developed a novel fabrication technique relying on the concurrent heating and
cooling of the Teflon AF melt which filled vertically-aligned alumina nanochannels. Unlike
conventional polymer infiltration methods which consist of filling the mold by only heating
the polymer above its glass transition temperature, in this unique method, the polymer melt
was also simultaneously cooled down during the infiltration process. Concurrent cooling of
the Teflon AF melt allowed control over the interfacial instabilities of the polymer thin film,
which formed ahead of the polymer melt upon its infiltration into the alumina nanochannels.
Doing so, the geometrical properties of the peculiar fluffy nanostructure which was
developed on top of the extremely high AR Teflon AF nanopillars were modified, while the

height of the base nanopillars was kept constant.

Although the special properties of Teflon AF contributed to fabrication of a double-level and
high AR nanopillars, it should be noted that in the sense of its application in dry adhesives,
Teflon AF cannot effectively generate van der Waals (vdW) interactions, which have been
assumed to form the basis of adhesion of gecko and gecko-inspired adhesives. However,
Teflon AF, like other fluoropolymers, has the advantage of generating large electrostatic
forces by getting charged at its surface upon contact with other materials via the so-called
contact electrification (CE) phenomenon. CE refers basically to the separation of electric
charges following contact between dissimilar materials or, in certain cases, between identical

materials [30-33]. Although the precise understanding of this phenomenon for insulating

4



surfaces, known since antiquity, is still elusive [30-37], it is well known that upon contact of
two materials, similar or dissimilar, electric charges would transfer between two surfaces and
a net negative charge would develop over one surface, whereas the other surface would
mainly host positive charges. Some of the charges transferred across the interface would
separate upon detachment of the two bodies, leading to an electrostatic interaction and
consequently adhesion between them [30-37], as schematically shown in Figure 1.2 for bi-

level Teflon AF nanopillars in contact with a hemispherical fused silica probe.

It is worthwhile mentioning that the work of adhesion due to electrostatic interactions via CE
can be much larger than that generated by short-range vdW forces, while it can even match
the fracture energies of ionic-covalent materials [32]. Besides, it should be noted that CE at
the surface of fluoropolymers (like Teflon AF) is more significant in comparison to other
polymers in that they have very low dielectric constants, which along with the high
electronegativity of fluorine-based units of their chains, facilitate the trapping of electric
charges at their surface (Teflon AF has the lowest dielectric constant of any known solid

organic polymer (¢ = 1.93) [25]).

The special CE-driven adhesion of Teflon AF nanopillars helped them to generate extremely
large adhesion forces, even up to ~100 times larger than those attainable by vdW forces [29].
The nanopillars of specific geometrical properties have achieved remarkable adhesion and
friction strengths up to ~2.1 N/cm? and 17 N/em?® [29,38], respectively (~2.1 and 1.7 times

larger than those of a gecko toe pad) [2].
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Figure 1.2. (A) Schematic of charge transfer via contact electrification in contact between Teflon AF
nanopillars terminated with a fluffy sheet-like nanostructure and a hemispherical fused silica probe (8
mm in diameter). (B) Charges which separate upon detachment of the probe from the sample are
generating electrostatic interaction between two surfaces at a separation distance (D).

Not only have the fabricated nanopillars generated considerable adhesion in dry conditions,
but also certain types of them have managed to generate high pull-off forces under water (on
average ~70% of the dry adhesion), which is a rare behavior among previously reported dry

adhesives [39,40].

Even though bi-level Teflon AF nanopillars are the only reported dry adhesives so far which
mainly rely for their performance on CE-driven electrostatic interactions, effect of surface
charging and in turn, electrostatic interactions developed by it on the adhesive properties of
other synthetic dry adhesives (SDAs), specifically polymeric ones, should not be taken
lightly. More specifically, neither of the properties that enabled Teflon AF nanopillars to
generate significant adhesion forces via CE-driven electrostatic interactions (i.e., flexibility
of the fibrillar structure and electrical properties of the polymer) are restricted only to this
SDA. Regarding the former, it should be mentioned that having a soft conformable structure

is not an exclusive feature for bi-level Teflon AF nanopillars. On the contrary, it is a



structural pre-requirement for any effective SDA, even those considered to work based on

vdW interactions [15-18,22].

Besides, it should be noted that Teflon AF is not the only polymer which can get charged at
the surface via CE. While Teflon AF and fluoropolymers, in general, are very efficient in
trapping electric charges at their surfaces, they are only one type of polymers having this
characteristic. For instance, other than Teflon (polytetrafluoroethylene; PTFE) [34-36,41-48],
many other polymers such as polydimethylsiloxane (PDMS) [34-36,41-48], polyurethane
(PU) [48], polycarbonate (PC) [35,36,45,49], polystyrene (PS) [34,44,45], poly(methyl
methacrylate) (PMMA) [42,44,45,50,51], and polypropylene (PP) [34] have been widely
employed in studies on CE over insulators. In fact, because of their insulating nature, the
aforementioned polymers have the ability to hinder the transfer of surface charges into the
polymer matrix and accordingly, they can motivate the efficient surface charging upon
contact. In this regard, they have been widely used, alongside Teflon, in studies on CE of
insulators. Here, it is also interesting to mention that all of the aforementioned polymers,
with the exception of Teflon, have commonly been employed in the fabrication of SDAs as
well. In general, polymeric dry adhesives are conventionally made from such insulating
polymers as PDMS [39,52-61], PU [62,63], PC [23], PS [64], PMMA [65,66], or PP [67-71].
Hence, noticing that these polymers are all efficient surface charge trappers, it is expected
that CE happens in an effective manner over polymeric SDAs made from these polymers and

accordingly, must have a large impact on their adhesive properties.



Despite all these observations, little attention has been paid to date to the contribution of CE
in the adhesive behavior of polymeric SDAs. The lack of attention in this regard is chiefly
due to a lack of precise knowledge about CE in the case of insulating materials, which makes
prediction of its occurrence very difficult. The relatively superficial understanding of CE
over insulators requires, in fact, that occurrence of surface charging as well as its ultimate
properties are monitored through real physical experiments. Even so, an experimental
technique capable of characterizing the amount of electric charges which might develop over
a polymeric dry adhesive upon contact, is still missing. As a matter of fact, the available
tribological tests which are conventionally carried out to investigate the adhesive properties
of SDAs, only report the absolute value of the surface forces, while nothing much can be

determined from this absolute value about the specific contribution of electrostatic forces.

Not only is CE expected to contribute in the interfacial interactions of polymeric SDAs, but
we have also shown that it plays a crucial role in gecko adhesion. Since the unique fibrillar
feature of the toe pads of geckos allow them to develop a large actual area of contact with the
substrate the animal is walking on or clinging to [2,4], the toe setae exchange significant
numbers of electric charges with the contacted substrate via the CE phenomenon [30,31]. In
the current research, by measuring the magnitude of the electric charges — together with the
adhesion forces — that gecko foot pads develop in contact with different materials, the
occurrence and effectiveness of CE and electrostatic interactions arising from it in gecko

adhesion have also been investigated.



In the following chapter, general principles of gecko adhesion and gecko-inspired dry
adhesives and the fabrication techniques for producing SDAs will be discussed. Details on
the fabrication of the state-of-the-art bi-level Teflon AF nanopillars and their CE-driven
adhesive properties, both in dry conditions and under water, are presented in Chapters 3-5. In
Chapter 6, the possible contributions of CE in the interfacial interactions of polymeric SDAs,
in general, along with the main reasons that have caused the lack of attention to this concept,
are thoroughly discussed. Chapter 7 contains the details on the role of CE and the
electrostatic interactions arising from it in the interfacial interactions of gecko toe pads and
their contribution to gecko adhesion. Finally, the thesis ends with Chapter 8, with the main
concluding remarks based on the results obtained in this study, the main contributions of the
thesis, and also both short-term and long-term recommendations for future work of this

project.



Chapter 2. Literature Background

2.1 Gecko adhesion

2.1.1 Adhesion and adhesives

There are many ways to define adhesion [72], as a bond, a phenomenon, or an interaction, in
many contexts or perspectives of surface science [73,74], polymer science [75], or materials
science [76]. Due to its interdisciplinary nature, adhesion includes a complicated set of inter-
connected phenomena (occurring at a material surface and in its bulk), which is still far from
being completely understood [77]. Here, we refer to adhesion as a physical state of two
similar or dissimilar materials coming into contact because of such surface attractive or

adhesive forces as the van der Waals (vdW), electrostatic, and/or capillary forces.

For most ordinary materials, their surfaces are rough, preventing an intimate contact, for a
sufficient surface force to develop between the two surfaces. In engineering practice, a third
material, called an adhesive [72], is commonly used to bond two dissimilar materials to form
a laminated structure. Adhesives are soft or liquid-like materials in the form of either liquid,
paste, or film so that they can conform to the rough surfaces of bonded materials forming

intimate contacts [72,77].

The oldest — documented — use of adhesives by humans goes back to about 200,000 years

ago. It appears that at that time, single-component natural adhesives, extracted from a — birch
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— tree, were the sticky substances capable of holding things in place. It took a long time until
about 5,000 years ago when adhesive materials were derived from other natural sources like
animal tissues (e.g., bones and skins) [78]. Despite this ‘sluggish’ start, production of
adhesives has experienced a great boost during the last few centuries. The relatively recent
large leap in adhesive technology is contemporary with the development of polymeric
materials, which has led to the production of modern polymeric adhesives. From a
consumer’s point of view, however, production of the first pressure-sensitive adhesives
(PSAs) — known to many as ‘scotch tapes’ — about 160 years ago and the development of
duct tapes — an urgent necessity triggered by World War II — are perhaps the most important

‘signposts’ in adhesive technology [78].

Going through thousands of years of evolution, adhesives have found numerous applications
in almost every facet of today's life; they represent indeed ‘a way of life’! We use them for
food and supplies packaging, labeling, wound-care dressing, surface protection, piping,
sealing, furniture making, and for almost any other conceivable application [77,78]. Other
than common everyday purposes, adhesives have also extensively contributed to such more
complex modern industries as aerospace, electronics, and automobile; many parts in the
fuselage, the wing structure, the cabin, and even the engine housing of aircrafts are typically
bonded together by adhesives. Fastening the car windshield to its frame, bonding the car
outer doors to their inner shell, and joining various car panels are all physically possible these

days by using adhesives of specific types and properties [77].
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The current multi-billion dollar industry of adhesives is offering a wide variety of adhesives
formulated from both natural and synthetic materials. Natural adhesive materials (e.g., starch,
dextrin, gelatin, natural rubber, or shellac) are those substances derived from such natural
sources as corn, wheat, tapioca, soya flour, skim milk, animal bone, fish skin, and also the
rubber tree [78]. Synthetic adhesives, on the other hand, are chiefly made from certain types
of polymers such as vinyls (e.g., polyvinyl acetate (PVAc), polyvinyl alcohol (PVA), and
polyvinyl ether (PVE)), synthetic rubbers (e.g., polychloroprene (also known as neoprene),
polyisobutylene (PIB), and polyurethane (PU)), and amine-based resins (e.g., polyamide

(PA), polyimide (PI), and polybenzimidazole (PBI)).

Refinement of existing adhesives and production of new ones in order to satisfy the more
advanced human demands naturally need to go through the two important steps of synthesis
and characterization. In particular, producing adhesives of superior — physical, chemical, and
mechanical — properties inevitably involves the modification of the type and properties of the
adhesive components through physical and/or chemical procedures. Producing an adhesive of
particular properties encompasses — and requires an in-depth knowledge of — both the physics
and chemistry of either the natural and/or synthetic materials which are employed for
production of the adhesive. Like any other products, however, the final properties of the
produced adhesives for their target application(s) need to be eventually characterized using
suitable characterization methods. Various characterization techniques may be performed to
study adhesive properties. Depending on the nature of the adhesive and also that of the

adherend as well as the information required from the adhesion test, techniques ranging from
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large-scale conventional methods, such as depth-sensing indentation, peeling tests, and shear
adhesion tests, to more recent small-scale methods, including micro/nanotribological tests,
can be carried out to investigate and evaluate the adhesive properties of an adhesive product

[78,79].

2.1.2 Biological adhesion for locomotion

In dealing with real surfaces, which are usually rough and have complex shapes and features,
using biological adhesion systems as the prototype could be very helpful. Independent
evolution of biological adhesive surfaces (e.g., hairy legs of insects or sticky foot pads of
lizards) has enabled them to attach easily and detach rapidly from walls and ceilings
[4,5,8,80]. Mimicry of these biological adhesion systems could be a promising approach in
achieving repeatable, self-cleaning, flawless, and robust synthetic adhesion resembling its

natural prototype [15-18,79].

Generally, biological adhesion systems can be categorized into two distinct mechanisms,
namely, wet adhesion and dry adhesion [9,10]. Most insects rely on the wet adhesion
mechanism, while lizards and spiders use dry adhesion. In dry adhesion systems, lizards and
spiders (and even some insects) use the hairy attachment system of their feet; put otherwise,
dry adhesion relies only on the fine hairy structure of the foot pad which is able to conform to
most rough surfaces and develop a large number of contacts or large real contact area

compared to flat surfaces [9,10,81]. On the other hand, most insects, which mostly benefit
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from wet adhesion, secrete certain types of fluid into the contact area, which helps them to
benefit also from capillary forces along with vdW and electrostatic forces. Expectedly,
decrease in this secretion could dramatically decrease adhesion, indicating that this secretion
layer is a crucial part of their attachment device [10]. It should be noted that these different
mechanisms have their own advantages and disadvantages for insects and animals; that is,
biological attachment mechanisms are specialized for different insects and animals,

according to their needs and the environment in which they live.

From another point of view, sticky food pads of animals and insects can be categorized into

two completely distinct groups: smooth pads and hairy surfaces (see Figure 2.1) [10].

Hairy Smooth

D

Figure 2.1. Diagram of the action of (A, B) hairy and (C, D) smooth pad attachment systems on (A, C)
smooth and (B, D) rough substrates [10].

Smooth pads consist of a fibrous material with a specific inner structure which enables the
pad to replicate the surface profile (Figures 2.1.C and 2.1.D). The filaments and fluid are
covered by a thin-film surface layer [10]. The closest industrial product resembling these

attachment systems in adaptability, viscoelasticity, and pressure sensitivity is PSAs. Hairy
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pads (see Figures 2.1.A and 2.1.B), on the other hand, consist of fine and long surface
outgrowths, terminated by thin-film tips of different shapes [9,10]. Hairy attachment pads,
which could be found in some insects, spiders, and also animals like geckos, employ other

features like flaw tolerance and lower sensitivity to roughness and contamination.

It is worthwhile mentioning that since animals cannot increase the area of the attachment in a
way proportional to their body weight, the density of hairs sharply increases with increasing
body weight. Besides, animals using the dry adhesion mechanism possess much higher
density of hairs than those using wet adhesion; therefore, in selecting the prototype for the
desired engineering adhesion system, a dry hairy adhesion system is a more interesting
candidate. It is also interesting to note that the largest animals that use dry hairy adhesion for
locomotion are geckos and therefore, could be the best candidate as a prototype for

fabrication of dry fibrillar adhesives.

2.1.3 Adhesion of geckos

Geckos can attach and detach in milliseconds while running on almost any surface [4,5,82].
Recent experimental and theoretical studies have attributed the directional adhesion ability of
geckos to the hierarchical structure of their toe pads [2,5,83]. Figure 2.2 illustrates this
hierarchical structure from the molecular to the macroscopic level. The first level of
hierarchy on their toe pad is the mesoscale setal arrays, called adhesive lamellae (Figure
2.2.B). Each seta (Figure 2.2.C), which is about 110 gm in length and 4.2 ym in diameter

[4,5], branches at the end to form nanoscale arrays of hundreds of spatula structures (Figure
15



2.2.D), bringing the toe pads to an intimate contact with rough surfaces (on average, each
gecko has approximately 6.5 million setae). Each spatula, which is 200-300 nm in length and
also in width at the tip, has a thin (5-10 nm), roughly triangular end which is connected from
its apex to the stalk of the spatula [4,5,84]. At the molecular level, setae are mostly composed

of f-keratin (Figure 2.2.E), while also contain a-keratin and some minor proteins [20,21].
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Figure 2.2. Hierarchical structures of a Tokay gecko. (A) A Tokay gecko climbing on a wall; (B) gecko
foot pads sticky setal arrays called adhesive lamellae; (C) rows of setal arrays; (D) each seta terminating
with 100-1000 spatulas; (E) the whole hierarchical feature of the toe pads is mainly composed of S-
keratin.

The hierarchical structure of the fibrillar feature of gecko foot pad allows an intimate
molecular contact of the foot with the surface. As mentioned earlier, in conventional
adhesion, this could be achieved by using adhesives that flow in a liquid-like fashion to bring
the surfaces into maximum contact. In the gecko adhesion system, however, the nano-sized
spatulas which conform to the topography of the surface at small scales are responsible for
surprisingly enhanced real contact area which will increase the adhesion for geckos [4,5,82].
Geckos can generate strong adhesion forces in both normal and shear directions (up to 1
N/em® and 10 N/cm?, respectively) [2]. Even so, geckos can detach from surfaces in

milliseconds with no measurable detachment force. This contradiction has been described by
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a peeling mechanism, the fact that geckos adhere to a surface not only via adhesion but also

via friction, allowing the animal to attach strongly and detach easily [7,84].

2.2 Bio-inspired synthetic dry adhesives

Fabrication of dry adhesives inspired by the gecko lizard’s toe pads has been a subject of
great interest for the last decade or so [15-18,79]. From the humble beginnings as an
adhesive which could hold a "Spider-Man toy" clinging with one of its hands to a horizontal
glass plate, certain types of current bio-inspired dry adhesives can even hold a "human adult"
hanging from a ceiling! Strength, repeatability, anisotropic behavior, and self-cleaning
properties of certain types of gecko-inspired dry adhesives [16-18,79,85], mimicking those of
the gecko lizard toe pads, have led to distinct applications, particularly in the production of
climbing robots and wound-care dressing. Strong attachment and easy detachment, as
prerequisites for any efficient synthetic dry adhesive, are actually the properties that any
climbing robot — for either surveillance or search-and-rescue missions — can largely benefit
from [1]. The same properties, on the other hand, have opened the door for the entry of dry
adhesives into the realm of medical applications, where always a "strong adhesion" and an
"easy peel-off" can be beneficial [1]. However, it should be noted that gecko-inspired dry
adhesives fabricated so far have generally been faced with certain difficulties with respect to
mass production for commercial applications. The low dimension of the patterned structures

as well as the high cost and complexity of the current fabrication processes are basically the
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main challenges, which have slowed down the transfer of gecko-inspired adhesives from

research labs to the market.

2.2.1 Micro/nanofabrication for fabrication of synthetic dry adhesives

To transfer micro/nanoscale features onto distinct substrates to fabricate fibrillar adhesives
like the fibrillar feature of gecko foot pad, different methods ranging from various
lithographic methods (including photolithography, soft-lithography, electron beam
lithography (EBL), and ion beam lithography (IBL)), to completely non-photolithographic
methods (including micro/nano-machining, diblock copolymer self-assembly, and replica-

molding), have been applied [79,86].

Indeed, among all micro/nanofabrication methods specifically for polymer surfaces,
photolithography is the most well-known and versatile method. Fabrication of high aspect-
ratio (AR) patterns, hierarchical structures, and even three-dimensional (3D) structures on
polymer surfaces are all possible by advanced photolithography [86]. In spite of many unique
benefits photolithography has, some of its disadvantages, such as the cost of maintaining a
contamination-free condition in which it should be carried out and the cost of making a
chrome-mask, has restricted its application for many large-scale and cost-effective needs
[86]. These drawbacks have urged the necessity of maskless methods like two-photon
lithography (TPL), EBL, IBL, or scanning probe resist lithography. However, although these

so-called maskless methods are capable of serial writing and also fabrication of 3D
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structures, their low-speed writing has restricted their application mostly for high-throughput
needs. Besides, it should be noted that these serial writing and also machining methods,

involve very expensive equipment which is not available in every lab.

Amongst non-photolithographic methods, however, replica-molding is indeed the most
versatile and common micro/nanofabrication technique which is commonly employed for
fabrication of fibrillar dry adhesives. Low cost, simplicity, and also its applicability for
patterning of large surface areas are in fact the main advantages of method over

photolithographic methods.

As a matter of fact, applying different preparation methods essentially affect the final
characteristics and properties of the fabricated micro/nanostructures. There is not a better or
worse micro/nanofabrication method; rather there is either appropriate or inappropriate
method, depending on desired properties of the feature and also the type of the material used
for fabrication of the dry adhesive. In other words, each method has its own advantages and

disadvantages that could be used for different applications.

2.2.2 Dry adhesives: Choice of the material and structural design

Choosing an appropriate micro/nanofabrication technique for producing a fibrillar dry
adhesive is basically dependent on adaptability of the employed method to both the nature of

the material of the dry adhesive and also the geometrical properties that the fabricated
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micro/nanostructures should have [16-18]. The choice of the material is very crucial toward
the final adhesive performance of the dry adhesive; in the case of geckos, the fibrillar feature
of the foot pads is mainly f-keratin [20,21]. f-keratin is basically a very rigid material with
Young's modulus of ~2 GPa [6]. Even so, a very large AR of the setac and also the presence
of the hierarchy on top of each seta (see Figure 2.2) brings the effective elastic modulus (E.z)
of the fibrillar feature of the food pad down to approximately 100 kPa, which is comparable
to the elastic modulus of conventional PSAs [4,6]. In general, the effective elastic modulus of

a fibrillar structure can be calculated by [6]

Eo 3Eldsin(6)
off 7 [2c0s2(6)[1 + ptan(0)]

Equation 2.1
where E is the elastic modulus of the polymer, I = 7+*/4 (r is the radius of each hair) is the
moment of inertia, d is the pillar density, € is the hair angle to its base, L is the length of each
pillar, and u is the friction coefficient. According to Equation 2.1, it might appear that
materials of lower elasticity are more favorable for fabrication of fibrillar dry adhesives,
seeing that they lead to lower effective elastic modulus of the fibrillar feature of the dry
adhesive and therefore, better conformability of the dry adhesive to the roughness of the
substrate in contact. But, in fact, there is an upper limit and lower limit for elasticity of the
material forming micro/nanostructures! In particular, the employed material should be elastic
enough to allow the conformation of the structure at small-scales (as Equation 2.1 indicates),
given that stiff materials cannot bend and hence cannot adapt to micro/nanoscale roughness
of the substrate in contact. Even so, very low elasticities will decrease the required energy for
bending of pillars, leading to enhancement of the risk of the collapse of the pillar in the
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lateral direction (the so-called condensation). Put otherwise, as the height increases, the
actual stiffness of the pillars decreases and when the length of the pillar passes a specific
height, the heads of the pillars start to collapse over each other, while further increase in the
length of the pillars results in their bundling [19,58,87]. Basically, lateral collapse occurs
when the adhesive forces between the fibers become stronger than the forces required to bend

the fibers [88].

Rather than the softness of the employed material, the lateral collapse of fibrillar structures is
also dependent on the geometrical properties of the fibrillar structure. Glassmaker et al. [87]
suggested an empirical equation (see Equation 2.2) which can be employed to estimate the
critical values for the height of a circular pillar after which condensation might occur. For a
specific material with Young’s modulus of £ and surface energy of y, the maximum height

(Lmax) for pillars before they start to collapse in the lateral direction can be calculated by [18]

wEr 1 1202
Z
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Equation 2.2
where 7 is the radius of each pillar, ¥ is the distance between two neighboring pillars, and v
is the Poisson ratio of the polymer. Technically, by making taller and thinner (i.e., softer)
pillars, adaptability of the fibrillar dry adhesive to the substrate will increase, but the chances

of lateral collapsing will also enhance.

Many successful high AR fibrillar structures as gecko-inspired adhesives are made from

carbon nanotubes (CNTSs) [16,18,85,89-91]. Having Young’s modulus in the range of 10"
21



Pa, which is three orders of magnitude higher than that of the most rigid polymers, extremely
high AR nanopillars were fabricated from both single-walled and multi-walled CNTs,
attaining adhesion and friction forces even higher than those of a natural gecko [16,18,85,89-
91]. On the other hand, with polymeric dry adhesives and using even the most rigid
polymers, the highest theoretical achievable AR is limited to 10-20 [18]. As discussed,
fibrillar structures with higher ARs tend to collapse and/or bundle, unfavorably reducing the
effective contact area while enhancing the stiffness of the surface, which dramatically

reduces the chances for generating dry adhesion [19,58,87].

However, efficient polymeric dry adhesives having lower AR pillars but with hierarchical
levels on top or terminated at the top with a thin film of the same material have recently been
reported [23,24,52,54,63,71,92]. A smaller scale of the hierarchical level allows the dry
adhesive to conform to the roughness of the substrate upon contact, leading to enhanced
adhesion strength (i.e., adhesion force per unit surface area) [23]. On the other hand,
compliant thin film-terminated fibrillar structures can enhance the adhesion and friction
strengths by means of increasing the actual contact area while they make the fibrillar

structure more robust [52,56].

In addition to AR and having a hierarchical (or thin-film terminated) feature on top of each
fibril of a dry adhesive, some other factors (like contact shape, contact size, and slope of
pillars) which can also affect the adhesion properties of a dry adhesive have also been

considered in the literature [10,88,93]. More details on the equations on critical geometrical
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and mechanical values of structural dry adhesive surfaces can be found in the literature

[55,88,94].

2.3 Sources of the adhesion of geckos and synthetic dry adhesives

As discussed, the mechanism of dry adhesion of natural fibrillar adhesives, such as that of
gecko foot pads, is basically relying on conformation of the flexible fibrils of the dry
adhesive to the roughness of the substrate that they come into contact with; the tip or even
the side of the micro/nanoscale hairs make contact with the substrate and adhere to it via
certain types of interfacial forces [2,4,9,11,80,95,96]. But, in particular, what type of
interfacial force causes each fibril of a dry adhesive to adhere to the substrate in contact? In
the particular case of geckos, as the most widely-used and well-studied prototype in
fabrication of synthetic dry adhesives (SDAs) [15-18,22], it has been illustrated that the
adhesion forces, responsible for the adherence of the hierarchical fibrils of the animal's toe
pads to the substrate that the animal is walking on or clinging to, are mainly vdW forces
[2,3,5]. From this perspective and considering that vdW interactions are universal (i.e., they
exist upon contact of any two surfaces) [74], the adhesion of SDAs in dry conditions has also
been studied according to efficiency of dry adhesives in generating effective vdW

interactions upon contact [15-18,22].

The presence of vdW interactions upon contact between any two surfaces is natural [74];

even so, it is also known that upon the same contact, electric charges transfer from one
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surface to the other, subsequently resulting in formation of an electrostatic interaction
between the two surfaces [30,31]. Put otherwise, upon contact of any two materials, similar
or dissimilar, electric charges transfer from one surface to the other, while some of the
transferred charges eventually separate between surfaces during their detachment from each
other [30,31,34,37]. As a matter of fact, separation of electric charges via this so co-called
contact electrification (CE) phenomenon (also known as "surface charging") leads to
development of a net negative charge on one surface and a net positive charge on the other,
resulting in the development of an electric field between surfaces and consequently, an
electrostatic interaction between them [32,33]. CE usually happens — more or less — upon
contact of any two solid materials [30,31]; thus, its occurrence at any interface, including that

of a dry adhesive, cannot be simply ruled out.

Not only can CE have an impact on the interfacial behavior of dry adhesives, but also its role
can be very crucial. The possible effectiveness of CE and in turn, of the generated
electrostatic interactions on adhesive properties of dry adhesives, is mostly because of the
achievable magnitude of the electrostatic force arising from CE; that is, electrostatic forces
caused by surface charging can be very large [29,32,33,38,97], much larger than vdW forces
which are traditionally considered as the dominant interfacial forces at contact of dry
adhesives. It is worthwhile mentioning that the work of adhesion (i.e., adhesion force per unit
area) stemming from CE-driven electrostatic interactions can even match the fracture
energies of ionic-covalent materials [32,33]. From this perspective, it can be concluded that if

surface charging at the surface of a dry adhesive happens in an effective manner, the
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adhesive properties of the dry adhesive would be completely different from what has been
conventionally considered according to the exclusive dominance of vdW interactions at the

contact zone.

2.3.1 van der Waals interactions

The adhesive properties of geckos and SDAs are traditionally studied based on their
efficiency in generating vdW interactions with the substrate they come into contact with [15-
18,22]. These interactions are essentially arising from the shift in the orbital electrons of
atoms and/or molecules to one side and, in turn, the change in their dipole moments. The
electrostatic interactions between the generated dipoles, which can be either permanent,
induced, or instantaneous, are essentially what are being called vdW interactions [74]. What
mainly matters in case of a dry adhesive is the magnitude of the non-retarded vdW
interaction force between the dry adhesive and the substrate which is brought into contact
with that. To estimate the magnitude of the vdW interaction force, the modified Hamaker
method as well as some particular contact mechanics theories can be employed, which will

be discussed in the following subsections.

2.3.1.1 Hamaker method

Hamaker reported that summing up the interactions between all atom/molecule pairs of two
macroscopic solid bodies in intimate contact allows one to estimate the magnitude of the

vdW interaction energy between the two objects [98]. This assumption led to the
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development of what is being called the "Hamaker method" where the magnitude of the vdW
interaction force between two smooth solid bodies can be theoretically determined with a
reasonable degree of accuracy [74]. However, the precision of the original Hamaker method
in estimating the vdW force between two objects separated by another medium was an issue
which had to be resolved. In this regard, efforts by Lifshitz [99] in later years helped
developing the Hamaker theory by modifying what was originally called the "Hamaker
constant" [74]. Doing so, a significantly more accurate form of the Hamaker method was
developed, which is currently being applied as a conventional method in estimating the vdW
force generated between a solid substrate, such as a dry adhesive, and an object in intimate

contact.

According to the Hamaker method and in the general case of two smooth solid spheres
(named phase 1 and phase 2 with radius of curvature R, and R;, respectively) at a separation
distance (D) (see Figure 2.3), by summing up the interactions between all atom pairs of the

two bodies, the generated vdW interaction energy (V,4») can be calculated by [74]

v _ AR

Equation 2.3
where A4 is the material-dependent Hamaker constant between phases 1 and 2, while R is the
radius of the curvature of the interface (1/R = 1/R; + 1/R). In the Hamaker approach, the

corresponding constant, 4, can be estimated by [98§]
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A=m*Cpip,
Equation 2.4

where C is the coefficient in the atom-atom pair potential, while p; and p, are the number of

atoms per unit volume in phase 1 and phase 2, respectively.

Figure 2.3. Two smooth elastic spheres with radius R; and R, at separation distance (D). The adhesion
force developed between the spheres via vdW interactions can be theoretically estimated by the Hamaker
method.

Even though the Hamaker method was practically accurate, eliminating the influence of the
adjacent atoms on the interaction between any pair of atoms in the model led to some
miscalculations in the magnitude of the vdW interaction energy, particularly when a medium
other than vacuum was separating the two objects [74]. In this regard and based on Lifshitz's
study where multi-body interactions were considered in the presence of a continuous
separating medium [99], another form for the Hamaker constant (4;3,) between phase 1 and
phase 2, interacting across medium 3, was arrived at. The modified Hamaker constant can be

determined from [74]
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where £ is Boltzmann's constant, 7 is the temperature, 4 is Planck’s constant, and v, is the
electron absorption frequency, which is typically around 3x10" 1/s [74]. Here, ¢, &>, and &;
are the corresponding dielectric constants of sphere 1, sphere 2, and medium 3, respectively,
while n;, n,, and n3 are the refractive indices of sphere 1, sphere 2, and medium 3,
respectively. As a matter of fact, calculating the modified Hamaker constant — using
Equation 2.5 — by knowing the electrical and optical properties of the materials in contact is

very easy; doing so, practically accurate Hamaker constants can be obtained [74].

Using the modified form of the Hamaker constant (hereafter just called "Hamaker constant"),
the vdW-driven force (F,4w) interacting between phase 1 and phase 2 across medium 3 of
known electrical and optical properties at the separation distance D (see Figure 2.3) can be

calculated by

Foaw = — %
Equation 2.6
In general, negative values obtained for £, from Equation 2.6 demonstrate (by convention)
the presence of attractive vdW interactions between the two objects, whereas positive values
show the opposite. In fact, what signifies whether the vdW force between two solid objects is

attractive or repulsive is essentially the value of the Hamaker constant. That is, in cases

where the Hamaker constant is positive, the vdW interaction force is attractive and vice versa
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[74,100]. As a matter of fact, systems in which vdW forces are repulsive are very rare; in
general, for two particular objects, when the dielectric function of the separating medium
falls between those of the solid bodies, then the vdW interactions will be repulsive. For
instance, upon contact of a-alumina with Teflon AF through cyclohexane, where the
dielectric constant of the separating medium (&¢yciohexane = 2.03) 1s between those of the a-
alumina (€q-giumine = 10.1) and Teflon AF (e7efion ar = 1.93), i.e., €refion uF < Ecyciohexane < €a-
aluminas the corresponding Hamaker constant is negative [100]. Negative values of the
Hamaker constant indicate the presence of repulsive vdW interactions between Teflon AF
and a-alumina in cyclohexane [100]. Even so, upon contact of the same materials in air (g, =
1), where &uir < &refion 4F < Eqalumine, the vdW interactions are attractive [100]. In this
perspective, vdW interactions between two objects via air, as typically happens in
tribological tests on dry adhesives, are normally attractive while the magnitude of the vdW
force interacting between them can practically be estimated by using the modified Hamaker

method [74].

2.3.1.2 JKR model

Besides the modified Hamaker method, the magnitude of the vdW interaction force between
two macroscopic solid objects can also be determined by contact mechanics models. Among
various models (such as Hertzian [101], Derjaguin-Muller-Toporov (DMT) [102], and
Maugis [103] models), the Johnson-Kendall-Roberts (JKR) [104] model is indeed the most

well-known and widely-applied theory for analyzing the vdW interactions of highly adhesive
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and elastic systems (such as dry adhesives). More specifically, the JKR method considers
only the presence of the short-range attractive forces within the area of contact between two
elastic bodies; doing so, JKR can practically estimate the effect of vdW interactions on the
shape of the contact zone as well as on the magnitude of the mechanical force (i.e., pull-off
force) required to separate the two contacting objects [104]. In this perspective, JKR model
has been widely used to investigate the adhesion performance of most dry adhesives which
are conventionally evaluated based on their effectiveness in generating vdW interactions

upon contact [15-18,22].

The JKR model, like other well-known contact mechanics theories (e.g., DMT and Maugis
models), is essentially a modified form of the Hertzian model. The classical Hertzian model
was originally developed to predict the size and shape of contact between two smooth and
elastic but non-adhering bodies [101]. More specifically, the Hertzian theory considers the
deformation of interface in the absence of surface forces and only takes the effect of an
external applied load into consideration. Assuming that no surface forces exist upon contact
of two smooth elastic spheres of radius R; and R,, Hertz reported that the radius of the

contact area (ap) under the applied load of Py (see Figure 2.4) can be estimated by [101]

3 R
apg = EPO

Equation 2.7
where R is the radius of the curvature of the interface (1/R = 1/R; + 1/R;) and K = 4/(3n (k; +
k)); ki and k; are the elastic constants of the sphere 1 and sphere 2, respectively. The elastic

constants (k; and k,) are defined as [101]
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Equation 2.9
where v, and v, are the Poisson ratios of surfaces 1 and 2, respectively, and E; and E; are the

corresponding values of Young’s modulus.

R R
Sphe Sphere
J
a:
Load Py ao
ao
a:
[\

Figure 2.4. Two smooth elastic spheres with radius of curvature R, and R, in contact under load P,.
Contact radius a, is predicted by the Hertzian model considering that there is no interfacial interactions
between the two spheres. Taking the effect of attractive interfacial forces into consideration, JKR model
determines that the radius of contact would be a,, where a; > a,.
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As illustrated, the Hertzian model solely takes the mechanical and geometrical properties of
the surface into consideration in order to determine the properties of the contact. In this
respect, it can be stated that the Hertzian model is essentially suitable for analyzing "non-
adhering" contacts. However, over time and upon contact of different materials (e.g., rubber
and glass spheres), it was observed that due to the presence of surface forces, the actual
apparent area of contact was larger than that predicted by the Hertzian theory, whereas finite
contact area values even under zero load were detected [104]. Despite the wide application
and success of the well-known Hertzian model, these observations urged the development of
an alternative model which could also take into consideration the impact of the interfacial
interactions. In this connection, the JKR theory was developed [104]. Considering only the
contribution of short-range vdW forces within the area of contact while assuming infinite
elastic stresses at the edge of the contact region, the developed JKR model has received wide
acceptance amongst those (including dry adhesive scientists) who were looking for the
contribution of vdW interactions at the interface. Having described the presence of short-
range vdW interactions (within the contact zone), Johnson et al. [104] showed that the actual
load (P;) and the equilibrium contact radius (a;) between two smooth elastic spheres of
radius R; and R, is larger than those estimated by the non-adhering Hertzian model (see

Figure 2.4).

The JKR theory, by applying a balance between the stored elastic energy, the mechanical
energy of the applied load, and the surface energy, demonstrated that the actual load P, is

different from the applied load P, considered by Hertz [101], defined as [104]
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P, = Py + 3ynR + /6ynRP, + (3ymR)?
Equation 2.10

where y is the interface energy or surface energy change per unit area for two perfectly
smooth surfaces. The magnitude of the interface energy, which is basically dictated by the
vdW interactions, can practically be determined by y = y; + y2 — y12, where y; and y, are the
surface energies of phase 1 and phase 2, respectively, whereas y;, is the interfacial energy
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which can be approximated by y1» = (y1.y2) "~ [74]. Having the actual load from Equation

2.10, the JKR model defines the actual contact radius (a;) (see Figure 2.4) as [104]

ad = R (Py + 3ymR + /6ymRP, + (3ymR)?)
K
Equation 2.11

As a matter of fact, by assuming that there is no attractive force between phase 1 and phase 2
(i.e., y=0), P, would be equal to Py (see Equation 2.10), whereas the JKR equation for the
surface area (i.e., Equation 2.11) reverts to the particular Hertzian model equation (Equation
2.7), which was developed for non-adhering systems. However, considering the presence of
adhesive forces in the area of contact by the JKR model, it can be seen that even under zero
applied load (Py = 0), the surfaces do not detach and there would be a finite contact area
between them (i.e., a; # 0). According to another point of view, upon detaching the
substrates, the applied load, Py, goes down to zero and from there, it becomes negative. The
minimum of the applied — negative — force obtained at the very last stage of the detachment
of the two substrates is in fact what is being called "pull-off force", normally used to evaluate

the adhesive ability of a surface in contact.
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To obtain the magnitude of the pull-off force required to detach the two spheres in contact,
JKR assumed that the equation for the contact area (Equation 2.11) is valid only when
6ynRPy < (3yzR)* and accordingly, Py > —1.5yzR. In this respect, the JKR model indicates
that the vdW-driven pull-off force (F,sw), as the minimum applied negative force upon
detachment of the substrates, can be simply estimated by [104]

Foqw =-15mRy
Equation 2.12

Here, same as with the Hamaker method, negative values of F,;» obtained by Equation 2.12

correspond to attractive interaction forces.

The magnitude of the adhesion force developed by vdW forces between two smooth
substrates can be estimated using Equation 2.12. However, in contact of non-atomically
smooth substrates (as most real surfaces against which dry adhesives are typically tested),
some modifications to the JKR model need to be applied. In particular, in contact of such an
elastic solid surface as a dry adhesive with a rough substrate, the properties of contact are
largely affected by the — repulsive — elastic energies associated with bending of the solid to
conform to the roughness of the substrate [80,105]. Put otherwise, when a dry adhesive
comes into contact with a rough substrate, there is an elastic energy required to bend the
elastic surface to bring it into an intimate molecular contact with the substrate. The energy
required in this regard essentially acts in competition with the achievable adhesion.
Therefore, instead of the interface energy (y) used in Equation 2.12, the effective interfacial
energy per unit area ().;) must be taken into account. Assuming a; as the nominal contact

area and a as the real contact area, y.; can be therefore estimated by [105]
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Yerr = a

Equation 2.13
where U, is the elastic — bending — energy necessary to make atomic contact at the interface.
In fact, what Equation 2.13 essentially implies is that, in analysis of contact of a fibrillar
adhesive with a not perfectly smooth surface using the JKR model, what needs to be looked

after is the actual area of contact (@), but not the apparent area of contact (a;) [105].

In general, the JKR model, same as the modified Hamaker method, can be applied to
estimate the adhesion forces coming from vdW interactions between two solid objects. For
the particular contact of a SDA with a substrate, both JKR and Hamaker methods have been
widely used to determine the magnitude of the force required to separate the dry adhesive
from the substrate (i.e., adhesion force). Despite their advantages and disadvantages, what
both models share conceptually is the fact that the magnitude of the vdW interaction force
between two specific bodies is independent of the area of contact, while it is only affected by

the geometry of the interface in addition to the nature of the materials involved.

2.3.2 Contact electrification and electrostatic interactions

Adhesive performance of geckos and also SDAs is conventionally evaluated based on their
ability to generate efficient vdW interactions, whereas the effect of surface charging on their
adhesive properties has received little attention in the literature [29,38,97]. Even so, it is

known that upon contact of any two — dissimilar or, in certain cases, similar — materials,
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electric charges separate within the contact zone [30,31,34,37,106], causing the formation of
electrostatic interactions between the two substrates. In fact, in the presence of electrostatic
interactions, the magnitude of the adhesion force required to separate the two touching
substrates would be significantly different from that obtained in the absence of CE
[32,33,107]. However, in studies on adhesive properties of dry adhesives, the effect of CE
has been frequently ignored, perhaps because of poor understanding of the CE over the
surface of insulating materials [30,31,34,37,106]. Another reason might be the lack of access
to an appropriate technique readily capable of estimating the amount of the charge separation

upon contact of dry adhesives in an accurate and practical manner.

In this respect, the principles of the CE phenomenon and its causes and limitations will be
highlighted in the following subsection. An established theoretical method which can be
employed to model the electrostatic adhesion of the macroscopic interfaces charged via CE
will be introduced next. Then, the factors which can affect CE over the surface of insulators
will be briefly discussed. Finally, the experimental techniques at hand capable of
simultaneous measurement of the surface forces and surface electric charges developed upon
contact will be presented and their applicability in analyzing the adhesion behavior of dry

adhesives will be demonstrated afterwards.

2.3.2.1 Contact electrification
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Lowell and Rose-Innes [31] in one of the most comprehensive review papers about CE have
defined this incident as: "If two materials are brought into contact and then separated, they
are found to be charged; this is the phenomenon of 'contact electrification™ [31]. The brief
yet broad description of CE by Lowell and Rose-Innes [31] simply implies that CE is
universal and therefore, can happen in contact of any two materials. In a broader perspective,
CE may occur in three distinct types of contact: conductor—conductor, conductor—insulator,
and insulator—insulator. In the current discussion, we are mainly focusing on those types of
contact where an insulating material is involved, considering that fibrillar feature of gecko
foot pads and also polymeric SDAs are mostly made up of such insulating materials as f-

keratin and non-conductive polymers, respectively.

The history of CE over insulators is dated back to Thales of Miletus and his famous
experiment of charging a piece of amber by rubbing against wool [30,31,34,37,106]. Despite
its long history, the efforts to reveal the fundamentals and mechanisms of CE, specifically in
case of insulators, are still continuing. The imprecise theoretical understanding of CE at
insulating interfaces is mostly because of the vague definition of electron states for insulators
and, before and beyond that, a lack of a general agreement on the mechanism of charge

separation through CE for these materials [30,31,34,37,106,108-110].

Despite metals where electron states are simply defined based on their Fermi levels, a similar
all-inclusive description for insulators has not been achieved yet [30,31,34,37,106,108-110].

Besides, it has been claimed that mechanisms other than transfer of electron, such as ion and
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material transfer, might also be involved in separation of charges at insulating interfaces
[30,31,34,37,106,108-110]. In fact, there is an ongoing controversy regarding the mechanism
of charge separation across the interface where an insulator is involved. However, discussion
about this topic is beyond the context of the current thesis. Herein, the CE phenomenon over
insulators will be discussed and analyzed regardless of the electric charge transfer
mechanism; what we are mainly concerned with here is only the idea that via CE, electric
charges transfer across the interface, eventually leading to formation of electrostatic
interactions between the contacted surfaces. For more details about the possible charge
separation mechanism at insulating interfaces, the papers by McCarty and Whitesides [37]

and Diaz and Guay [108] as well as that by Lowell and Rose-Innes [31] can be consulted.

Even though the understanding about surface charging at the surface of insulators is
relatively superficial, it has been illustrated that insulating materials are excellent candidates
for promoting adhesion via CE-driven electrostatic interactions [29,32,33,38,97,107]. More
specifically, insulators are prone to get highly charged at their surface as surface charges via
CE cannot efficiently transfer into their matrix [111,112], leading to accumulation of electric
charges at the surface; by trapping excessive amounts of electric charges at the surface,
insulators can generate enhanced electrostatic interactions through CE. To this day,
promoting adhesion through surface charging of insulators has been successfully applied in
various technologies as photocopying and laser printing [106], which essentially deal with
charging of micron-sized particles. Even so, reports which have quantitatively discussed the

magnitude of the electrostatic interaction force obtainable via CE over macroscopic-sized
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insulators are rare [32,33,107]. The pioneering study in this regard is indeed the experiment
carried out by Horn and Smith [32], whereby using the experimental technique developed by
Smith [113] a year before, the adhesion force due to electrostatic interactions between two
insulators (silica and mica; radius of curvature (R) = 20 mm) charged via CE was quantified.
The most striking finding of Horn and Smith's study was indeed the large magnitude of the
work of adhesion which was obtained through CE-driven electrostatic interactions upon
separation of silica and mica thin films from each other [32]. In particular, works of adhesion
as large as 6.6-8.8 J/m” were detected, which are even comparable to the fracture energies of
the contacting materials (8.7 J/m” and 2.0 J/m? for silica and mica, respectively) [32]. A year
later, Horn et al. [33] performed a similar experiment — using the same experimental method
— but on two identical insulating substrates (silica), where one was coated with a single
chemisorbed monolayer of an amino-silane. In their paper, Horn ef al. [33] also reported a
surprisingly large work of adhesion (3.3 J/m?) between the treated and untreated silica

substrates [33].

Although the magnitude of the adhesion force obtainable via CE at the surface of
macroscopic objects has not been reported frequently (perhaps due to difficulty of its
characterization), it is expected that enhanced electrostatic interactions be achieved through
CE at the interface where an insulator is involved. But, at the same time, it should be noted
that any system with the intention of developing effective CE and subsequently, generating
strong electrostatic interactions, requires specific material and geometrical properties; these

specific requirements will be discussed shortly.
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2.3.2.2 Simple capacitor model

Before introducing the factors which allow the occurrence of an effective surface charging at
an insulator surface, a relatively reliable model describing the properties of the interfaces
charged via CE needs to be demonstrated. In this regard, the common contact mechanics
models, such as Hertzian, JKR, DMT, or Maugis cannot be helpful as they do not consider
the occurrence of surface charging [107]. In addition, the trials to develop a reliable
theoretical model capable of predicting the electrostatic adhesion properties of insulators
charged via CE, which are mostly done for small (micron-sized) particles [114-117], are not
that useful for the particular case of macroscopic-sized objects, such as dry adhesives. As a
matter of fact, unpredictability of the magnitude of CE over the surface of insulators, as
previously mentioned, is the main reason which has limited the accomplishments in this vein.
Despite the restricted success and applicability of studies conducted so far, the so-called
"simple capacitor model", which describes the electrostatic interaction force between two flat
parallel sheets of a regular capacitor, is perhaps the most dependable method available for
studying the CE-driven electrostatic interactions of macroscopic objects of specific

geometries [29,32,33,38,107].

To look into the details of the simple capacitor model, the general case of two perfectly
smooth spherical objects (named again phase 1 and phase 2 with radius of curvatures R; and

R», respectively) in medium 3 at separation distance (D) needs to be considered (see Figure
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2.5.A). In this model, it is assumed that the surfaces of both spheres are originally neutral.
However, as illustrated in Figure 2.5.B, the CE principle implies that the spheres get
subsequently charged once they are brought into contact by applying a load P,. In the next
step and during the separation of the spheres, the charges which are transferred during
contact would subsequently separate between the two spheres throughout the interfacial
fracture, leading to accumulation of a net negative charge over one surface and a net positive
charge over the other. The charges separated upon detachment would ultimately build up an
electric field between the two spheres and as a result, an electrostatic interaction force

between them will be developed (see Figure 2.5.C).

R:

Sphere 2

Figure 2.5. (A) Two spheres with radius of curvature R; and R, at separation distance (D). The surfaces
of both spheres are electrically neutral. (B) The spheres are brought into contact by applying load P,. CE
implies that upon contact between the spheres, electric charges spontaneously transfer across the
interface. (C) Electric charges transferred upon contact would separate during interfacial fracture when
the spheres are detached from each other. Depending on the materials and conditions of experiment, one
of the surfaces would get a net negative charge, whereas the other becomes positively charged, leading to
formation of an electrostatic interaction between the two substrates.
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Here, in order to estimate the magnitude of the generated electrostatic interaction force
between the two spheres, the simple capacitor model requires that the interface between the
two objects is considered as that between two parallel plates. In fact, this simplifying
assumption is applicable only when the separation distance (D) is much smaller than the
radius of curvature (R) of the interface (where 1/R = 1/R;+1/R;) and the diameter of the
contact area, which is reasonably the case in contact of macroscopic objects under low
pressures (see Figure 2.5.C) [29,32]. Being so, the geometry of the system can resemble that
of a parallel plate capacitor and, accordingly the electrostatic interaction force (Fe.)
developed between the two spheres can simply be approximated by [97]

ac?

F, =-
elc 2€0£r

Equation 2.14
where o is the surface charge density (assumed equal on both surfaces), a is the real area of
contact (equal to the nominal area of contact (a;) for perfectly smooth surfaces) under load
P>, g is the permittivity of free space, and ¢, is the relative permittivity of the separating

medium.

Before applying Equation 2.14 to the analysis of CE at insulating interfaces, a few points
need to be clarified at this stage. First, it should be noted that Equation 2.14 is approximate in
the sense that it does not consider the surface deformations upon contact while equal charge
densities are considered over the surfaces [32]. Besides, Equation 2.14 does not reflect the

effect of the separation distance on the developed electrostatic force, which is reasonably
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correct for small distances [107]. However, regardless of these assumptions, what the
developed simple capacitor model clearly demonstrates is that, despite vdW interactions, the
magnitude of the electrostatic force developed via CE is directly proportional to the actual
area of contact. In addition, the simple capacitor model signifies that the electrostatic
interaction force generated via CE is directly related to the power of two of the surface
charge density (o). That is, the higher the surface charge density is, the larger the electrostatic

interaction forces obtained through surface charging would be.

In this regard, it can be concluded that in the case of dry adhesives, those capable of
generating an enhanced actual area of contact while trapping a large amount of electric
charges at their surface upon contact can promote adhesion through CE-driven electrostatic
interactions. It is worthwhile recalling here that both prerequisites (i.e., developing a large
surface area and surface charge trapping) are the properties that all polymeric dry adhesive,
more or less, have in common. Factors which can positively or negatively affect the
magnitude of the surface charges that can be developed through CE over insulating materials
— with the main focus on dry adhesives — will be briefly discussed in the following

subsection.

2.3.2.3 Factors affecting contact electrification over insulators

In order to estimate the magnitude of the electrostatic adhesion obtainable via surface

charging over insulators and particularly insulating dry adhesives, the amount of electric
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charges which may be developed over their surface upon contact must be determined. Even
so, estimating the magnitude of the surface charge density in case of insulators, in general,
without doing real experiments, is almost impossible. As a matter of fact, the amount of
electric charges coming from surface charging is dependent on many factors such as the
nature of the contacting materials, possible partial discharge across the separating gap,
applied pressure, surface topography, material strain, humidity, duration of contact, surface
contamination, and temperature [30-33,35-37,44,45,47,48,106,118-121]. As the above
mentioned factors may contribute irregularly depending on the specific system, predication
of the magnitude and, sometimes even the sign of the electric charges that an insulator may

gain upon its contact, is essentially not practical.

First and foremost, there is a big uncertainty about the effect of the insulating materials on
both the extent of the developed charge and its type (i.e., positive or negative). Although
conductors can be sorted for their performance in CE according to their Fermi levels, there is
no singular physical property which can be employed in the case of insulators to predict how

much and what type of charge they will acquire through surface charging [30,31,37].

This shortcoming with respect to non-conductors can be partly overcome by using the so-
called "triboelectric series", which can be applied to foresee the sign of the obtainable charge
in CE. Even though not practically applicable in all cases, reliable triboelectric series (a

representative of which is demonstrated in Table 2.1) can be employed to predict, in contact
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of two particular substrates, which substrate would get the net negative charge and which

would acquire the net positive charge [30,31,37,106,118].

Table 2.1. A triboelectric series consisting of only a list of non-metallic materials [122].

+ | Glass
More positive | Mica
Polyamide (Nylon6-6)
Rock Salt (NaCl)
Wool
Fur
Silica
Silk
Poly(vinyl alcohol) (PVA)
Poly(vinyl acetate) (PVAc)
Paper
Cotton
Wood
Amber
Poly(methyl methacrylate) (PMMA)
Poly(ethylene terephthalate) (Mylar)
Epoxy resin
Natural rubber
Polyacrylonitrile (PAN)
Poly(bisphenol A carbonate) (Lexan, PC)
Poly(vinylidene chloride) (Saran)
Polystyrene (PS)
Polyethylene (PE)
Polypropylene (PP)
More negative | Poly(vinyl chloride) (PVC)
—\y Polytetrafluoroethylene (Teflon, PTFE)

More specifically, materials closer to the top of a triboelectric series (e.g., glass in Table 2.1)
will characteristically develop a net positive charge when they are brought into contact with a
material closer to the bottom of the table (e.g., Teflon in Table 2.1), which would normally
become negatively charged. These triboelectric series, which are basically empirical
measures, cannot enlighten one much on the amount of the charge developing via CE. But,
using them to predict the sign of developed charges is common, even without complete
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acceptance among all scientists (for instance, controversial results have been reported from
different groups for contact of similar pairs of materials [31], but of course, as usual, the

reason might have been due to specific factor interactions that were neglected).

Other than the type of the materials involved at an interface, the partial discharge which may
happen in cases where the surfaces get highly charged is another important factor that can
significantly affect the CE over insulators and therefore, complicates the analysis [30-
33,37,106,123]. In particular, if the charge densities developed via CE become high, an
electrical breakdown would occur — across the separating gap — upon separation of the two
contacted substrates. The electrical breakdown, which may give rise to formation of sparks at
the contact zone, is basically the backflow of the electric charges to the original surface [30-

33,37,106,123].

Although the charge backflow is hardly a predictable incident, for the cases where electron
transfer is dominating the CE, it is reported that when the separating gap between the two
surfaces (at a specific pressure) is smaller than the mean free path of the electrons in the
separating medium (e.g., ~0.5 um for air), discharge cannot happen [32]. But, once the
separation distance passes this limit, the electric field formed between the two substrates
becomes large enough to cause a charge backflow [32,33]; therefore, the system can reduce
its increased free energy in this way. As a matter of fact, in a gaseous medium like air, some
of the initiatory electrons are amplified by ionizing collisions with the molecules of the

separating medium, thus helping the backflow of the charges to the original surface [32].
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Regardless of its causes and origin, what the backflow of electric charges primarily affects in
the case of dry adhesives is the magnitude of the final charge density at the surface and, in
turn, the extent of the adhesion force which can be obtained by them via CE [32,33,107].
More specifically, as partial discharge happens, the magnitude of the achieved surface charge
density declines and therefore, the absolute value of the electrostatic force obtainable

between the two substrates decreases [32,33].

The next factor which should be considered in the analysis of CE over insulators is the
heterogeneous distribution of electric charges over these materials [35,51,106,124].
According to results from recent research on CE of some insulating polymers (i.e., PDMS,
PC, and Teflon), it was observed that CE can dramatically be influenced by the nanoscopic
structure of the surface [35]. Baytekin et al. [35] reported that electric charges developed over
an insulating surface via CE were distributed in heterogeneous nanoscopic regions of
opposite charges (length scales = 40—400 nm) [35]. Divergent distribution of the surface
charges at nano-scale and even micro-scale, which has been reported by other groups
[35,51,106,124], basically leads to larger "local charge density" (even 3 orders of magnitude

larger) in comparison to what is being normally measured as "net charge density" [35].

At this point of the discussion, it is interesting to mention that the fibrils of polymeric dry
adhesives are typically fabricated — or naturally exist — with the same micro/nanoscale
periodicity as the charge distributions. Being so, it is expected that each fibril on both natural

and synthetic dry adhesives deals with relatively larger surface charge densities in
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comparison to what is assumed for a flat substrate. Put otherwise, considering that surface
charges will also distribute, more or less, at the same length scales that fibrils of dry
adhesives are, it is likely that the magnitude of charges that dry adhesive fibrils deal with

upon their contact be larger than what is presumed as the net surface charge density.

The last but not least factor involved in CE of insulators in ambient conditions is humidity.
Even though humidity can lead to formation of capillary bridges through condensation of
water vapor at the contact zone and, in turn, motivation of capillary forces [13,125], it can
also affect the CE at the surface of insulators [36,37,106]. In fact, studies on the effect of
humidity on charge transfer upon contact have led to controversial conclusions; while some
claimed that presence of water at the contact zone can promote the CE phenomenon, others
have reported that water may negatively affect that. Even so, recent results from a careful
study carried out by Baytekin et al. [36] revealed that CE is not necessarily dependent on the
presence of water at the contact zone, while it can be affected by that. In particular, by
sustaining a water-free environment in a very controlled manner, their study revealed that CE
will happen even in the absence of water; even so, the presence of water can help stabilize

the surface charges developed at the contact zone via CE [36].

Other than the aforementioned factors, there are additional ones such as applied pressure,
material strain, surface topography, duration of contact, surface contamination, and
temperature, which may also influence CE [30-33,35-37,44,45,47,48,106,118-121]. Even

though they have also been studied by various groups to date, same as the factors exemplified
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in the current discussion, a complete understanding of the effects of these factors on CE at
the surface of insulators is also still elusive. The controversy in the science of CE over
insulators has certainly held scientists back with respect to an all-inclusive system
description, which can be practically used to study and accordingly describe common
engineering and scientific systems such as adhesive contacts of natural and synthetic dry
adhesives. As a matter of fact, due to the unpredictability of surface charging in the case of
insulators, the real value of the electric charge density which may separate in contact of an
insulator with another material should necessarily be determined in an experimental manner.
Experimental techniques available to measure the magnitude of the surface charge as well as
capable of measuring the surface forces in parallel will be introduced in the following

subsection.

2.3.2.4 Experimental techniques for analyzing contact electrification

Identification and estimation of surface charges may be performed via various experimental
techniques ranging from conventional methods using a Faraday cup/electrometer set to more
recent approaches using solution chemistry [31,42]. Measuring the magnitude of surface
charges from CE allows one to determine the electrostatic force developed between the
contacted substrates. The available experimental methods for measuring the magnitude of
surface charges coming from surface charging will be presented herein. In addition, the
applicability of surface charge measurement methods for the case of dry adhesives will be

discussed in detail.
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In general, the experimental methods which can be employed to measure the magnitude of
the charge accumulated at a surface via the CE phenomenon naturally fall into two distinct
divisions: in-situ and ex-situ methods. The latter, which may not be very suitable for analysis
of CE at the surface of dry adhesives, are those methods where the surface charge density is
measured after the separation of the two substrates which were brought into contact earlier.
In conventional ex-situ methods, the surface charge density of the samples — either touched
or rubbed against each other — is measured after their separation from each other by using
commercially available sensitive electrometers (e.g., model 6517 from Keithley Instruments
Inc.) [31,35,36,44-46]. In these methods, the sample charged via CE is placed inside a
classical Faraday cup or simply on a metal sheet connected to an electrometer. Here, the
electric charges at the surface of the sample induce the opposite charge on the metal sheet or
the Faraday cup wall, while the induced charges are subsequently measured by the

electrometer connected to the system.

Despite the simplicity and accuracy of conventional ex-situ methods, they might not be quite
suitable for estimating the charges developing via CE over dry adhesives. More specifically,
ex-situ methods, as their name indicates, are only applicable to the cases where the charged
sample can be physically transferred — from the charging spot to the surface charge
measurement setup — to measure its surface charge density. However, in the case of dry
adhesives, transferring the dry adhesive from its original place, where the adhesion or friction

tests were carried out, may result in large degree of inaccuracy in measuring the developed
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surface charge, as the area of contact in regular indentation and friction tests can be as low as
a square millimeter. For instance, in a characteristic adhesion test on a typical dry adhesive
with an elastic modulus of 100 kPa and Poisson's ratio of 0.5 (i.e., Ry = o, E; = 100 kPa; v; =
0.5) in contact with a hemispherical glass probe of 1 cm in radius (R, = 1 cm; E, = 75 GPa; v,
= 0.2) under a moderate preload of 10 mN (P, = 10 mN), the area of contact is ~0.6 mm®,
according to Equation 2.7. Here, considering that a typical charge density obtained upon
contact through CE is 1.0x10* C/m* [31], the geometrical area implies that the sample
acquires a charge of approximately 0.6x10™'° C at its contact zone. The charge amount of
0.6x10™"" C is extremely small and can even be generated from the touch of tweezers used to
transfer the sample. Thus, in the case of SDAs, measuring the surface charge after
conducting regular adhesion or friction tests, using the current conventional ex-sifu methods,

may involve a large degree of inaccuracy.

Aside from the conventional ex-sifu methods mentioned, there is another type of ex-situ
method which has recently been developed by Liu and Bard [42]. In their study, Liu and
Bard characterized and quantified the electrons accumulated over Teflon after rubbing that
with various materials including glass, Lucite (PMMA), metal, and Nylon. In their method,
the charged Teflon samples were subsequently immersed in different solutions such as a
CuSO4 aqueous solution. In the particular case of the CuSO4 solution, for instance, the
electrons which were separated upon contact reduced the Cu®" ions into pure Cu according to
Cu®" + 2& — Cu [42]. The pure copper instantaneously deposited at the sample surface. The

presence of the copper on the sample was characterized by energy-dispersive X-ray (EDX)
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spectroscopy, whereas its amount was tracked by monitoring the changes in optical
absorbance of Cu®" in the original CuSO, solution before and after immersing the Teflon
samples. The results obtained by optical absorbance tests were further confirmed by
dissolving the deposited copper in concentrated nitric acid. The concentration of the
dissolved copper in the acid was subsequently determined using the optical absorbance of
Cu®" in the acid [42]. Knowing the amount of copper that was deposited on the sample and
considering that the deposited copper was coming from Cu®" + 2& — Cu, Liu and Bard
succeeded to determine the amount of electric charges (i.e., electrons) that were developed

over Teflon via surface charging [42].

Even though the original idea of Liu and Bard [42,43,50] regarding the chemical reactions
via transfer of electrons was later challenged by Baytekin et al. [45], the applicability of this
method to measure surface charges has not been disputed. However, it should be noted that
the sensitivity of the reported chemical ex-situ method is even lower than that of the
conventional ex-situ methods, which limits its application in analysis of CE over SDAs. To
be more specific, the developed chemical-based ex-sifu methods require the immersion of
multiple samples (up to ~40) of a large surface area (1-3 cm’ each) into solutions
[29,42,43,45,50]. However, since the areas of contact in regular tribological tests are
normally very small (maybe less than a square millimeter, as described earlier), it can be seen
that the chemical-based ex-situ methods might not be a good option for measuring surface

charges developing over dry adhesives through CE.
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The difficulty in measuring the surface charge in adhesion tests by available ex-situ
techniques can be overcome with what has been called in-situ methods. In-situ methods,
preferable yet often tedious in their current form, are those which can simultaneously
measure the magnitude of surface charges and interfacial interaction forces. The method
developed by Smith [113] and used later by Horn and Smith [32] and Horn et al. [33] is

perhaps the best, if not the only reliable, of in-situ methods.

A Silver Mica
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+ + + + + +

AL LAY
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Figure 2.6. Schematic of the in-situ system employed by Horn and Smith [32] to simultaneously measure
the surface charge densities and interfacial interaction forces upon contact between mica and silica thin
films (thickness = ¥; and Y,, respectively). Backs of both thin films were coated with a thin layer of silver.
The contact diameter (®) was typically 100 #m while the radius of curvature of the contact interface was
~20 mm. (A) Upon contact between the thin films, silica obtained a net negative charge, whereas mica
became positively charged. (B) The charges transferred through contact, eventually separated upon
detachment of the thin films from each other. The image charges on the backing silver layer (induced by
the front surfaces) were subsequently measured by integrating the current i which was flowing to each
grounded electrode as the solids were separated to the separation distance D [122].
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In experiments by Horn and Smith [32], they mounted two near-atomic smooth thin films of
silica and mica on two crossed cylinders (~16.3 and 21.3 mm in radius, respectively) with
their cylindrical axes at right angles (see Figure 2.6). To measure the separation distance as
well as the force existing between the two substrates, the cylinders were mounted on a
surface force apparatus (SFA). As a matter of fact, by employing a SFA to perform
tribological tests, the magnitude of the total interfacial force existing between two solid
objects can be determined with a large degree of accuracy. However, to determine the sign
and magnitude of the surface charges developed upon contact, thin layers of silver were
originally coated at the back of the silica and mica thin films. The charges developed upon
contact of silica and mica consequently induced the image charge in the backing silver

layers, which were simultaneously measured by electrometers connected to the system [32].

The correlation between the electrostatic interaction force (F,;.) developed via CE by the
charges separated and the surface charge density (o) at the separation distance (D) was

accordingly analyzed by the modified simple capacitor model as [32]

2

o= aa( B )2
e T 26 \B+D

Equation 2.15
where a is the (real) area of contact, ¢ is the permittivity of free space, and B = Y\/K+Y2/K>;
Y1, Y and K, K, are the thickness and relative diclectric constants of the two substrates,
respectively. Using Equation 2.15, Horn and Smith constructed a plot (Figure 2.7) showing
the effect of surface charge on the developed electrostatic adhesion strength (i.e., adhesion

force per unit area), as the two substrates were separated from each other [32].
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Adhesion strength (MPa)

Figure 2.7. The electrostatic force per unit surface area (i.e., adhesion strength) vs. separation distance
measured upon detachment of mica and silica thin films which were charged via CE. Negative values
correspond to attraction [122].

In fact, the developed in-situ method by Smith [113] has been successfully employed in
different studies on simultaneous measurement of interfacial forces as well as the CE-
developed electric charges at the contact of different sets of materials [32,33]. Even so,
application of the current in-sifu method in case of dry adhesives requires some
modifications to the system, as a fibrillar dry adhesive cannot be made as a thin film (as the
films shown in Figure 2.6). More specifically, the in-situ method can still be applied for a
contact of a substrate with a dry adhesive if the substrate is made as a thin film, similar to the
thin films of Figure 2.6; doing so, the charges developed on the surface of the substrate upon
its contact with the dry adhesive can be measured. Then, considering the reasonable
approximation that the amount of charges the dry adhesive obtains via contact (e.g., +10 C) is

the same but opposite in sign than the charges developed over the substrate (i.e., —10 C)
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[32,45], the amount of charge developed over the dry adhesive after contact (and by some

modifications, even during contact) can be determined.

2.3.3 Comparison between van der Waals and electrostatic interactions

The contribution of vdW interactions in interfacial forces at a contact between two
macroscopic objects, specifically those at intimate contact, is indisputable [74]. Besides, it is
known that in the same contact, electric charges separate across the contact interface, helping
the formation of electrostatic interactions at the contact zone [30,31,34,37,106]. However,
finding the exact share of each of vdW and electrostatic interactions in the net interfacial
force forming between two macroscopic solid objects is not simple. With respect to this, the
general properties of vdW interactions, including the effective range and strength plus
material and load dependency, will be compared herein with those of electrostatic
interactions, in an effort to shed more light on their possible input in the total obtainable

interfacial force at macroscopic interfaces.

In a comparison between vdW and electrostatic interactions, at first one should remember
that these two types of interfacial forces are essentially similar in their nature. That is,
electrostatic interactions are basically attractive or repulsive interactions between such
permanent charges as ions or electrons, while vdW interactions are the same interactions but
between the atomic/molecular dipoles which naturally exist — or may be induced — in

materials. Even though similar in nature, vdW and electrostatic forces also have several
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significant dissimilarities in the origin of their formation and also their contribution in the

ultimate interfacial force between two substrates in contact.

At an interface between any two contacted surfaces, the permanent, induced, or instantaneous
dipoles close to the interface interact with each other via electrostatic interactions, resulting
in attractive or repulsive forces of the so-called vdW type between the two substrates. Since
the atomic and/or molecular dipoles naturally exist while they can also be induced even in
such totally neutral atoms as those of helium, vdW interactions are always present at the
contact between any two surfaces [74]. But, despite these vdW interactions, the development
of electrostatic interactions between two electrically neutral surfaces is impossible unless
electric charges — in the form of electrons, ions, and/or pieces of charged materials — transfer
from one surface to the other. As a matter of fact, charge transfer happens as soon as two
surfaces are brought into contact, whereas the magnitude of the transferred charges is
dependent on many distinct factors, such as those discussed in subsection 2.3.2.3. But, as part
or all of the electric charges which are transferred upon contact eventually separate during
detachment of the two touched surfaces, an electric field at the contact zone forms and as a
result, electrostatic interactions between the two substrates will develop [31,32]. Therefore, it
can be stated that formation of electrostatic interactions at a surface of an electrically neutral
substrate, such as a dry adhesive, requires that electric charges are formed at the surface
through surface charging. However, in contrast to electrostatic interactions, vdW forces are
naturally present at an interface between any two surfaces, no matter whether electrically

neutral or charged.

57



Indeed, one of the main aspects in the contribution of vdW interactions is their
predominance; they exist in contact of any two surfaces. In fact, what does not allow vdW
interactions to cause the adherence of everything that exists in the world together is one of
their inherent properties: vdW interactions are relatively short-range. More specifically, vdW
interactions between atoms and molecules of two contacted surfaces require that the surfaces
are brought into ultimate contact as vdW interactions can act only in distances around 10 nm
down to interatomic separation distances of ~0.2 nm [74]. Being so, it is experienced that real
surfaces do not spontaneously stick to each other given that their natural roughness does not
allow the formation of intimate contact. In contrast to short-range vdW forces which require
intimate contact, CE-driven electrostatic interactions are considered long-range forces, which
are effective in scales of even a few micrometers [32,33]. The longer effective range of
electrostatic interactions is simply due to the fact that they deal with significantly larger
charges — such as electrons — instead of molecular and atomic dipoles which cause the vdW

interactions.

Another important effect of the larger electric charges involved in electrostatic interactions is
on the magnitude of the electrostatic forces, normally larger than that of the vdW forces. For
example, in a characteristic contact between silica and mica thin films (R = 1.5 cm) at the
typical interatomic separation distance of ~0.2 nm, the vdW force interacting between the
two substrates is ~5.6x10~ N, according to Equation 2.6, where the Hamaker constant can be

considered as ~9x10° J [107]. However, for the same contact, CE-driven electrostatic pull-
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off forces as large as 70+25x10™ N have been reported [107], which are almost 8—17 times

larger than what can be obtained through vdW interactions.

As discussed in subsections 2.3.1.1 and 2.3.1.2, the magnitude of the vdW force obtainable
during contact between two perfectly smooth substrates is independent of the applied preload
and is only governed by the properties of the materials. During contact, however, CE-driven
electrostatic interactions are load-dependent as the magnitude of the electrostatic force
generated via CE is dependent on the area of the contact (see Equation 2.14 in subsection
2.3.2.2). According to this and in order to give a better insight into the contribution of the
adhesive vdW and electrostatic forces interacting between two substrates in contact, the work
of adhesion, as an area-dependent variable showing the adhesive ability of a unit area of a
surface, needs to be determined. As a case in point, Horn and Smith [32] found that the
electrostatically-driven work of adhesion between silica and mica thin films in contact (R =
20 mm) is about 6.6-8.8 J/m” [32]. However, knowing from the Hamaker method (Equation
2.6) that the vdW-originated pull-off force between the same thin films is ~7.5x10° N and
recalling the JKR model (Equation 2.12), it can be stated that the vdW-driven work of
adhesion in the same contact would be only ~8.0x107 J/m®. In fact, the work of adhesion
caused by CE-originated electrostatic interactions between silica and mica thin films is

approximately 100 times larger than that obtainable through vdW interactions.

In general, electrostatic forces developed through CE can generate significantly larger

adhesion forces in comparison to vdW interactions. Even so, the role of electrostatic
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interactions in the adhesion of dry adhesives (which are commonly composed of insulating
materials, thus showing great propensity to getting charged at the surface) has not yet

received sufficient attention in the literature.
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Chapter 3. Fabrication of Bi-level Teflon AF Nanopillars and their
Adhesion in Dry and Wet Conditions

3.1 Introduction

Gecko lizards have an amazing aptitude to stick readily and rapidly to almost any surface and
are well adapted to both dry and wet conditions [2-5,126,127]. The superior adhesive ability
of gecko has been attributed to the fine hierarchical structure of their foot pads containing
millions of finger-like spatulas mainly made up of fS-keratin [20,21], a rigid non-sticky
material. Synthetic polymeric gecko-inspired dry adhesives have been fabricated from
different polymers such as polydimethylsiloxane (PDMS), polyurethane (PU), and
polypropylene (PP) [18,79]. The limited success of polymeric gecko-inspired adhesives are
mainly because of the difficulty of generating high aspect-ratio (AR) and high density
micro/nanoscopic hierarchical structures (or fibrils) which, unlike the fibrils of gecko toe

pads, bundle or collapse owing to the self-adhesion between micro/nanofibrils [128,129].

We have speculated that the extremely low surface energy and the exceptional mechanical
strength of amorphous fluoropolymer Teflon AF can make it an excellent alternative material
to produce high AR and high density nanoscopic structure for fabrication of gecko-inspired
adhesives. Fluoropolymers are well-known for their non-reactive surfaces with limited van
der Waals (vdW) interactions [122], which make them ideal candidates for fabrication of

"releasing" and "anti-fouling" surfaces. However, they have the capability of producing
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strong electrostatic interactions in contact with positively polarizable materials. Therefore,
the incorporation of a fluoropolymer in a specially designed nanostructure based on the
hierarchical structure of a gecko foot pad can result in fabrication of a novel dry adhesive
with interesting adhesion properties. For the first time, we fabricated high AR Teflon AF
nanopillars terminated with a "fluffy" top layer [97], which meet most of the design criteria
for the development of gecko-inspired dry adhesives [18]. These nanopillars are shown to
have an exceptional capacity to generate strong adhesion in both dry conditions and

surprisingly under water (~70% of their dry adhesion strength).

3.2 Experimental

3.2.1 Materials

Teflon AF 1600 was purchased from DuPont. Anodic aluminum oxide (AAO) membranes
(Anopore Inorganic Membrane; 0.2 um pore size, 25-50% porosity, 60 um in thickness)
were purchased from Whatman, Inc. All other chemicals and solvents were from common
suppliers and used without further purification. DI-water (resistivity > 10MQ.cm @ 25 °C;
total organic carbon (TOC) < 50 ppb) was obtained on a RiOs-DI Clinical system (Millipore

Corporation).

3.2.2 Methods
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For the fabrication of Teflon AF nanopillars, the replica-molding technique was applied.
Initially, the AAO membrane was placed on a hotplate which was covered with aluminum
foil. A stainless steel cylinder with inner diameter of ~19 mm was placed on the mold. Then,
~0.2 g Teflon AF was placed inside the cylinder with a stainless steel piston over it; a 5

pound weight was placed over the piston (see Figure 3.1).

5 Ib weight

Piston

Cylinder

Mold
Hotplate

Figure 3.1. The set-up used for fabrication of Teflon AF hierarchical nanopillars. The mold was placed
on the aluminum foil over the hotplate and the cylinder from its square base was placed over the mold.
The whole setup was heated up to 300 °C and the temperature was held constant for 5 h.

The mold and the polymer were heated up gradually to 300 °C and then the temperature was
kept constant for 5 h. It should be noted that since the heat exchanging surface area was high,
the actual temperature at which the polymer was processed must have been lower than the
preset temperature. At the end, while the mold and the polymer were kept under pressure, the

setup was cooled down to room temperature by an air stream. After cooling, the sample was
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removed from the hotplate. Following that, the sample, while still connected to the cylinder,
was immersed in 1.25 M NaOH solution while stirring. After 6 h, the sample was removed
from the cylinder and transferred to a fresh 1.25 M NaOH solution; it should be noted that
according to the literature, Teflon AF is completely resistant to NaOH [25]. After 18 hr, the
sample was removed from the solution, rinsed with DI-water, and then dried with an air
stream. Complete drying was achieved by vacuum drying at the ambient temperature
overnight. Rearrangement of nanopillars during drying made the appearance of fabricated
samples turn opaque from transparent (see Figure 3.2). An interesting characteristic of Teflon

AF nanopillars was the formation of three distinct drying zones during drying.

3

Zone3
Zone2
Zone 1

Figure 3.2. Sequential optical images of a sample (~19 mm in diameter) from wet to dry states (1—8)
during drying. Drying of nanopillars caused the appearance of nanopillars to turn opaque (image 8) from
the original transparent form (image 1). It can also be seen that in intermediate stages of drying (2-6),
three distinct drying zones exist. Zone 1 belongs to a completely wet area, while Zone 2 consists of a
partly dried area in which the top terminating nanostructure has been dried. The completely dried
nanopillars, both trunks of nanopillars and top terminating nanostructure, form Zone 3.



For fabrication of the flat Teflon AF (control) samples, the polymer particles were placed on
a clean silicon wafer and an aluminum foil-covered microscope glass slide (with a 200 g
weight over it) was placed on them. The temperature increased gradually to 300 °C and after
5 h, the whole setup was cooled down by an airstream. Finally, the sample was manually
peeled off from the silicon wafer. The contact angle of water over the flat control sample was

~107°.

3.2.3 Characterization

A home-built setup equipped with a GSO-25 Load Cell (0-25 g, Transducer Techniques,
Inc.) and MFA-CC Miniature Linear Stage (0—25 mm range, 0.0175 ym resolution, Newport
Corporation) was used to perform indentation (adhesion) tests. Loading was carried out at the
constant speed of 1 um/s until reaching the nominal preloads of 5, 10, 20, and 50 mN.
However, the data analysis was carried out based on actual normal force measurement. After
keeping the force constant for 30 s at the desired preload, the unloading step with the same
speed of 1 um/s was performed until the probe completely detached from the sample surface.
The probe used for indentation tests was a 6+0.01 mm in diameter hemisphere fused silica
UV grade (Si0;) tip (ISP Optics Corp.). The probe was glued to the probe stub by an ethyl
cyanoacrylate (ECA) based glue (Instant Krazy Glue). Before conducting the adhesion tests,
the probe was completely washed with ethanol, acetone, and DI-water and was grounded
afterwards to remove any possible charge from the surface. Scanning electron microscope

(SEM) images were taken by a LEO FE-SEM 1530 (Carl Zeiss NTS) operating at 5 kV.
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3.3 Results and discussion

Teflon AF is a copolymer of 2,2-bistrifluoromethyl-4,5-difluoro-1,3-dioxole (PDD) and
tetrafluoroethylene (TFE). It has both the expected properties of amorphous and
perfluorinated polymers. Teflon AF with Young’s modulus of ~1.6 GPa and critical surface
energy of 15.7 mJ/m” has a very low dielectric constant (¢=1.93), the lowest of any known
solid organic polymers [25]. The hierarchical Teflon AF nanopillars were fabricated by
replica-molding with an AAO membrane as the mold. Uniform nanoscale pores, absence of
lateral crossover between individual pores, and high AR of the pores are the main advantages
of this class of membranes for fabrication of high aspect-ratio nanopillars [130]. Figures
3.3.A and 3.3.B show SEM images of the fabricated nanopillars (200 nm in diameter and ~16
um in height; AR of 80) which have been successfully terminated by a finer nanostructure at
the tip. It should be noted that sample surfaces were homogenously patterned (see Figure
3.3.A) but in order to show the structure of the terminating layer, Figure 3.3.B was taken
from a defect in a sample. Figure 3.3.C schematically shows the fabrication procedure in
which the polymer was placed over the mold and the whole system was heated up to 300 °C.
After 5 h, the setup was cooled down and the mold was dissolved in NaOH for 24 h and the

samples were air dried afterwards.

The choices of common materials, including the mold and the polymer, and also the

fabrication techniques used for fabrication of dry adhesives had limited the fabrication of
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hierarchical and high AR nanostructures [18,58,79,129]. The problem was overcome in our
research because of the very low surface energy of Teflon AF, its rigidity, and its

hydrophobic nature, which reduced the risk of destructive collapsing at the tip of the pillars

during drying of samples.
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Figure 3.3. (A) SEM image (top-view) of the Teflon AF hierarchical nanopillars terminated at tips with a
fluffy nanostructure. (B) SEM image (45°-view) of the trunk of Teflon AF nanopillars terminated with a
fluffy nanostructure. (C) Schematic illustration of the replica-molding process.

Generally, collapsing and self-sticking of high AR nanopillars occur during drying of
samples due to capillary forces [86]. In our system, there was no noticeable collapsing and
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self-sticking. The characteristics of fabricated hierarchical nanopillars during drying were
monitored by taking images of the surface during this step (Figure 3.2). It should be noted
that rather than the abovementioned parameters, the terminating nanostructure itself also
hindered the self-sticking of nanopillars at the pillars tip. This hierarchy level is one of the
advantages of this system over previously reported dry adhesives in that it can hinder the
self-sticking of nanopillars at the pillar tip during fabrication while it enhances the ability of

the dry adhesive to generate strong adhesion in both dry conditions and under water.

The (adhesive) performance of the fabricated bi-level nanopillars under normal forces was
characterized by indentation tests where a hemispherical fused silica probe (6 mm in
diameter) was pressed to the sample surface until it reached the desired preload ranging from
~5 mN to ~50 mN. The probe was held at the predefined preload for 30 s and then it was
unloaded. Both loading and unloading were carried out at a constant speed of 1 um/s and
indentation tests were performed both in air and under water. The tests were accomplished in
six distinct experiments and results are presented in Figures 3.4 and 3.5 in terms of
penetration depth and pull-off force, respectively, at different preloads; error bars indicate the

standard deviation.

Figure 3.4 shows the measured ultimate penetration depth of the probe upon loading for
different preloads in air and under water. There was little penetration on the flat control
surface due to the high elastic modulus of Teflon AF; however, there was significant

penetration of probe into the nanopillars, suggesting a very low effective elastic modulus.
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Generally, the effective elastic modulus (E.p) of nanopillars can be calculated by Equation
2.1. Considering £ = 1.5 GPa, ¢ = 0.35, 8 = 89 °, and 25% porosity in the mold, which
results in D = 8x10'? pillars/m’, the theoretical effective elastic modulus of the nanopillars,
excluding the hierarchy level, would be 1.72 MPa. This very low elastic modulus due to
extremely high AR of the nanopillars meets the structural need of low modulus fibrillar
structure for an effective dry adhesive. It is interesting that the penetration depth under water
was always larger than that in dry conditions, perhaps due to hydrophobic attractions
between the Teflon AF nanopillars, resulting in more resistance to the normal loads under

water [97].
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Figure 3.4. Plots of probe penetration depth vs. preload in indentation tests for Teflon AF nanopillars in
dry condition and under water. The right panel is a schematic of the deformations of the Teflon AF
nanopillars during loading.

Figure 3.5 shows the pull-off force (i.e., maximum adhesive force upon separation of the
probe and the sample) for nanopillars, which is much higher compared to that of the flat

Teflon AF control surface.
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Figure 3.5. Plots of pull-off force vs. preload for flat Teflon AF surface and Teflon AF nanopillars both in
dry condition and under water. The right panel is a schematic of the nanopillars elongation during
unloading.

The high pull-off forces for the nanopillars are attributed to the enhanced conformability and
compliance of the nanopillars to the probe, due to the reduced effective modulus of the
surface and the dissipation of stored elastic energy during deformation and detachment of
individual nanopillars, as illustrated schematically in Figure 3.5 [18,24,128]. However,
owing to the fact that fluoropolymers, specifically Teflon AF, cannot efficiently generate
strong vdW interactions, we suspect that, in addition to special structural properties of the
fabricated nanopillars, contact electrification (which comes from electrical charge separation
following contact between two materials) [30,31] significantly contribute to adhesion
enhancement in our system. In particular, for a flat smooth substrate in contact with a probe
of radius of curvature R, the pull-off force (F,s») coming from vdW interactions can be
estimated according to the Johnson-Kendall-Roberts (JKR) theory (Equation 2.12).

Assuming that the fused silica probe and flat Teflon AF surfaces are smooth and considering
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the surface energies of fused silica and Teflon AF as 75 mJ/m” [131] and 15.7 mJ/m? [25],
respectively, the theoretical pull-off force (coming from vdW forces) for the contact of
Teflon AF and fused silica would be approximately 0.8 mN. Although Teflon AF is not a
very efficient in generating vdW interactions, which is typical for a fluoropolymer, Teflon
AF has a very low dielectric constant and is subject to generating electrostatic interactions
upon contact with the surface of positively polarizable materials such as silica, leading to

enhanced electrostatic-generated pull-off forces [97].

The magnitude of the electrostatic force between two macroscopic charged surfaces can be
calculated by modeling charged surfaces as infinite parallel plates, while the separation
distance is much smaller than the radius of curvature of the probe (see Chapter 2, subsection
2.3.2.2). Doing so, it is known that the electrostatic force is directly proportional to the
contact area which is much higher for nanopillars compared to a flat surface and it

consequently increases by increasing the preload, as was observed in our experiments.

Although the fabricated nanopillars generated considerable adhesion in dry conditions, they
have another remarkable behavior. They can generate high pull-off forces under water (on
average ~70% of the dry adhesion), which is a rare behavior among previously reported dry
adhesives. Generally, the functionality of synthetic dry adhesives (SDAs) dramatically
diminishes under water due to the presence of a water layer at the interface [39]. To the best
of our knowledge, there are only two versions of gecko-inspired adhesives which can operate

both in dry condition and under water based on combination of metal coordination bonds, pi
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electron interactions, and covalent bonds in the first case [39], and suction cup effects in the
other [40]. Taking into consideration that none of these mechanisms exist in our system and
knowing that vdW and also electrostatic interactions dramatically diminish under DI-water,
the high adhesion of Teflon AF nanopillars in water would be very surprising. The
hydrophobic nature of Teflon AF (water contact angle = 107°), which can lead to trapping of
air in the terminating nanostructure at the pillars tip might be the main reason for the
remarkable adhesion of our hierarchical nanopillars under water [97]. The trapped bubbles
can neck and bridge between the probe and the nanopillars upon unloading, which
consequently generates long-range attraction upon separation of the probe and enhance the
pull-off force. In our experiments, we noticed that air bubbles were generated from the
nanopillars when immersed in water. Although the visible bubbles were removed carefully,
micro/nanoscopic bubbles can still be trapped in the terminating nanostructure at the pillar
tips, thus giving rise to long-range attraction between the probe and nanopillars upon

unloading of the probe.

3.4 Summary

In summary, high aspect-ratio, high density gecko-inspired polymeric dry adhesives have
been fabricated using a non-sticky fluoropolymer (Teflon AF) by replica-molding with a
nanoporous anodic aluminum oxide membrane as the mold. The top terminating layer with a
"fluffy" nanostructure which has been generated concurrently with the nanopillars in the

replica-molding process is a unique feature. It effectively hindered the self-sticking of high
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aspect-ratio, high density nanopillars and due to the rigidity of the polymer and its low
surface energy delivered superior conformability to substrate surfaces. These Teflon AF
hierarchical nanostructures were shown to have the capacity to generate strong adhesion in
dry conditions while they can also operate under water with ~70% of their dry adhesion
strength. The following chapters will focus on determining the mechanism of the formation
of the top terminating layer and on quantifying the different sources of adhesion responsible

for the remarkable properties of the fabricated bi-level Teflon AF nanopillars.
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Chapter 4. Modifying the Structural Properties of Bi-level Teflon AF

Nanopillars and their Electrostatic Interactions

4.1 Introduction

In this chapter, by exploring further and modifying our recently developed fabrication
method, we report on the fabrication of nanopillars with different aspect-ratios (ARs) of 27.5
to 225 with terminating layers of different topographical properties. By means of the peculiar
terminating nanostructure which held the nanopillars away from each other at their tips, for

the first time, extremely high AR nanopillars (up to AR of 185) were fabricated without

noticeable collapse at the tip or bundling.
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Figure 4.1. Changes in pull-off force vs. preload for bi-level Teflon AF nanopillars of 80 #m tall (AR = 80)
in contact with the hemispherical fused silica probe.

The adhesive and frictional properties of the fabricated nanopillars of different geometrical

properties were investigated under various loads. The unique -electrostatically-driven
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adhesion of the current system resulted in enhanced adhesion and shear strengths (up to 1.6
N/em? and 12 N/em?, respectively), which not only matched those of the gecko foot pad, but
also surpassed them by ~60 and 20%, respectively. The large strength of the long-range
electrostatic interactions which were developed through contact electrification (CE) helped
the bi-level nanopillars of specific AR and topographical properties to generate extremely
large adhesion forces, even up to ~100 times larger than those attainable by short-range van

der Waals (vdW) interactions (see Figure 4.1).

4.2 Experimental

4.2.1 Materials

In this research, nanopillars with different heights and hierarchy features were fabricated
from Teflon AF by using anodic aluminium oxide (AAO) membranes as the mold. AAO
membranes (0.2 um pore diameter, 60 um thick, pore density 25-50 %) were purchased from
Whatman Inc. Teflon AF 1600, a copolymer of tetrafluoroethylene (TFE) (35 mol%) and
2,2-bistrifluoromethyl-4,5-difluoro-1,3-dioxole (PDD) (65 mol%), was purchased from
DuPont. Sodium hydroxide (NaOH; >97.0%; Caledon Laboratories Ltd.), copper(I) sulfate
pentahydrate (CuSO4.5H,0; >98.5%; VWR International LLC), and nitric acid (HNOs; 68.0—
70.0%; Thermo Fisher Scientific Inc.) were used without further purification. All other
common solvents were used as received. The probe used in tribological tests was a fused

silica (SiO;) hemisphere (8+0.01 mm in diameter) from ISP Optics Corp. Deionized (DI)-
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water with a nominal resistivity of >10 MQ cm @ 25 °C and total organic carbon (TOC) of

<50 ppb was obtained on a RiOs-DI Clinical system (Millipore Corporation).

4.2.2 Sample preparation

For fabrication of Teflon AF nanopillars, initially, a hotplate was covered with aluminium
foil and an AAO membrane as the mold was placed on top of it with the hierarchical level
[130] facing up. Then, a stainless steel cylinder with an inner diameter of ~19 mm was
placed over the mold. Teflon AF (~0.2 g) was placed inside the cylinder and a stainless steel
piston with a 5 1b weight over it was placed on the polymer granules inside the cylinder (for
more details regarding the setup used in this chapter, subsection 3.2.1 can be consulted).
Temperature was increased to the desired value (i.e., 270, 300, 330 or 360 °C); after 24 h, the
hotplate was turned off and the whole setup was cooled down overnight while the sample and
the mold were kept under pressure. Subsequently, the sample, while it was still connected to
the cylinder, was immersed in 1.25 M NaOH solution. After 6 h, the sample was removed
from the mold and immersed in a fresh solution for another 18 h. Finally, the sample was
removed from the solution, washed with DI-water, and air dried afterwards. Complete drying

was achieved by vacuum drying at room temperature overnight.

For fabrication of flat Teflon AF samples, a bare silicon wafer was placed over a hotplate and
Teflon AF granules were placed in an orderly fashion over that. The silicon wafer and

polymer granules were covered with a glass Petri dish to hinder the adsorption of excessive
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air dust on the polymer surface. The temperature was gradually increased to 340 °C; after 9 h
and when there were no visible bubbles in the polymer sheet, the hotplate was turned off and
the whole setup was cooled down to room temperature by an air stream. Subsequently, while
the polymer sheet was still connected to the silicon wafer, it was immersed in 1.25 M NaOH
solution. As soon as the polymer sheet detached from the silicon wafer, it was removed from
the solution and immersed in a fresh solution for another 4 h. Finally, the sample was
removed from the solution and washed with DI-water and dried afterwards with an air

stream.

4.2.3 Characterization

Indentation and load-drag-pull (LDP) tests were carried out to characterize the adhesive and
frictional properties of the fabricated hierarchical nanopillars, respectively. In preparation for
indentation and LDP tests, each sample was glued to a microscope glass slide using an ethyl
cyanoacrylate-based glue (Krazy Glue Corp.) and dried under vacuum at ambient
temperature overnight. The fused silica probe, which was used in indentation and LDP tests,
was glued to the corresponding probe bases using the same ethyl cyanoacrylate-based glue
(Krazy Glue Corp.). Before performing each test, the probe was washed three times with
acetone, ethanol, and DI-water and was grounded to remove any possible charge from its

surface.

Indentation tests were carried out to study the adhesion properties of the fabricated
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nanopillars as well as those of the flat Teflon AF surface (control sample). Indentation tests
(under preloads lower than 50 mN) were completed on a home-built setup which was
equipped with a GSO-25 Load Cell (0-25 g, Transducer Techniques, Inc.) and a MFA-CC
Miniature Linear Stage (0—25 mm range, 0.0175 um resolution, Newport Corporation) which
were monitoring the normal force and the probe displacement, respectively. The preloads
were set to nominal values of 5, 10, 25, and 50 mN (on average, actual preloads of
6.32+0.74, 11.44+0.86, 26.14+0.75, and 50.854+0.83 mN, respectively). Indentation tests at
elevated preloads were performed on a Universal Material Tester (UMT) from the Center for
Tribology, Inc. (CETR). The loadcell used was a Dual Friction/Load Sensors (Medium
Range; DFM-1, 0.1-10 N range, 0.5 mN force resolution). The applied preloads were set to
nominal values of 100, 250, 500, and 1000 mN (on average, actual preloads of 99.5+1.0,
247.0£1.5, 492.5+1.0, and 982.0£1.5 mN, respectively). All indentation tests were carried
out under ambient conditions (temperature, 7 = 24+1 °C; relative humidity (RH) = 23+1 %).
Each point of the indentation test results represents the average from six distinct experiments,
while the error bars indicate the corresponding standard deviation. In the indentation tests,
the hemispherical fused silica probe (8 mm in diameter) was pressed at a constant speed of 1
pm/s on the sample surface until the normal force reached the maximum preset force of the
so-called preload. After holding the probe for 30 s at the specific preload, it was pulled up at

a constant speed of 1 um/s until it completely detached from the substrate.

The frictional properties of the hierarchical nanopillars as well as those of the flat control

samples were characterized by LDP tests. In these tests, a hemispherical fused silica probe (8
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mm in diameter) was pressed to the sample surface at a constant speed of 1 um/s (loading
step) until the normal force reached the desired preload. After holding the probe for 30 s, it
was subsequently dragged over the sample surface at a constant speed of 10 um/s (dragging
step), while the normal force was kept identical to that of the corresponding preload; then,
after dragging the probe for a 500 um distance, the probe was instantaneously moved upward
at a constant speed of 1 um/s (pulling step) until it completely detached from the surface.
LDP tests were performed on a UMT machine from CETR. The loadcell used for LDP tests
was a 2-axis Friction/Load Sensor (FVL, 1.0-100 mN range, 10 uN force resolution), which
simultaneously and independently measured friction force and normal load. The preloads
were set to nominal values of 5, 10, 17.5, and 25 mN (on average, actual preloads of
4.89+0.01, 9.79+0.01, 17.14+0.01, and 24.50+0.01 mN, respectively). The same as the
indentation tests, LDP tests were carried out under ambient conditions (7' = 24+1 °C; RH =
23+1 %); each point again represents the average from six distinct experiments (and error

bars show the standard deviation).

In order to determine the actual surface area delivered for contact by each sample, static
water contact angle measurement tests were carried out. Water contact angle measurement
tests were performed by placing 6 water droplets of ~5 ul in volume on the sample surface to
the closest proximity at a rate of 15 mL/min on different spots. The static water contact angle
was measured by analyzing the image of each water droplet using a MATLAB code.
Scanning electron microscope (SEM) imaging and energy-dispersive X-ray (EDX)

spectroscopy were performed on a LEO FE-SEM 1530 (Carl Zeiss NTS) operating at 5 kV.
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In preparation for SEM imaging, each sample was coated with a thin (~10 nm) gold layer
deposited on the samples by a Desk II cold sputtering instrument from Denton Vacuum,
LLC. For SEM imaging after the LDP tests, samples were immersed in acetone for ~24 h.
Then, samples detached from glass slides were washed with DI-water and dried afterwards
with an air flow before further analysis with SEM. Ultraviolet-visible (UV-Vis) spectroscopy
was performed on a UV-2501PC spectrometer (Shimadzu Corporation) to monitor the
changes in Cu”" concentration in aqueous copper sulfate solutions, while inductively coupled
plasma optical emission spectrometry (ICP-OES) was carried out on a Prodigy spectrometer

from Teledyne Leeman Labs to investigate the Cu>” concentration in concentrated nitric acid.

4.3 Results and discussion

4.3.1 Fabrication of bi-level nanopillars

High AR Teflon AF nanopillars terminated with a fluffy nanostructure on top were fabricated
by infiltration of the polymer melt into an AAO membrane as the mold. As schematically
shown in Figure 4.2.A, the polymer granules were placed over the AAO membrane having
pore diameter of ~200 nm and length of 60 um. The polymer and the mold were heated up to
the desired temperature and a constant pressure was applied over the polymer granules to
assure the homogenous penetration of the polymer melt into nanopores. During a 24 h
processing period, the polymer melt penetrated the nanopores of the mold up to a specific

depth depending on the temperature. Particularly, the infiltration depth of the polymer melt
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and, accordingly, the height of the fabricated nanopillars were controlled by setting the
processing temperature to 270, 300, 330, or 360 °C in order to fabricate nanopillars with

heights of approximately 5.5, 16, 37, or 45 um, respectively (see Figure 4.2.A and Table 4.1).
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Figure 4.2. (A) Schematic of the fabrication procedure and the effect of the processing temperature on
the polymer penetration depth as well as the size and density of the brush-like structure that was formed
at the forehead of the developing polymer melt; (B) Formation of a precursor at the forehead of the
developing polymer melt in anodic aluminum oxide membrane pore of 200 nm in diameter; (C)
Thermocapillarity-driven stresses at the contact line of the precursor led to fingering of the precursor
over the pore walls, resulting in formation of a fingerlike structure at the front of the developing polymer
melt.

At temperatures lower than 270 °C, the polymer did not effectively penetrate the mold while
the highest applied temperature of 360 °C was considered as the onset decomposition
temperature for Teflon AF [25]. Since the applied pressure was constant for all samples, the

relative penetration depth (%) of the polymer melt in an AAO membrane nanopore at time ¢
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can be calculated by the well-known Washburn equation [132]

B = R(ya — vap)t
4n

where R is the hydraulic radius (i.e., the ratio between the volume of the polymer melt in the

Equation 4.1

nanopore and the contact area of the polymer melt with the pore wall), y4 the surface energy
of alumina, y4p = (yp % 7.1)"* the alumina/polymer melt surface tension, and # the viscosity of
the polymer melt (yp is the polymer melt surface tension). Knowing that by increasing the
temperature both the polymer surface tension (yp) and its viscosity () decline, raising the
temperature resulted in deeper penetration of the polymer melt and, consequently, fabrication

of taller pillars at the constant processing time of 24 h, as shown in Figure 4.2.A.

Even though fabrication of taller pillars for adhesive applications has always been
encouraged, increasing the length of nanopillars enhances the chance of lateral collapsing and
bundling of nanopillars [17-19,86,87]. As the height increases, the stiffness of the pillars
decreases and after a specific height (L,.4,), the heads of the pillars start to collapse over each
other, while further increase in the length of the pillars results in their bundling [17-
19,86,87]. The maximum achievable AR for polymeric structures before the start of lateral
collapsing has been estimated to be 10-20 [18]. Considering that the Young’s modulus (E) of
Teflon AF is 1.5 GPa and its surface energy (y) is 15.7 mJ/m’” [25], the maximum height for
Teflon AF nanopillars before they start to collapse in the lateral direction can be calculated
by Equation 2.2. Allowing for » = 100 nm, ' = 100 nm, and v = 0.5, the maximum length

(Lmax) for Teflon AF nanopillars before the nanopillars start to collapse in the lateral direction
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would be ~2.2 um, which dictates a maximum AR of 11. However, one of the advantages of
our dry adhesive fabrication method over previously reported techniques was its ability for
hindering the lateral collapse and bundling of high AR nanopillars by means of the unique

sheet-like nanostructure keeping the tips of nanopillars away from each other.

In order to look into the mechanism behind the fabrication of the fluffy nanostructure
terminating the nanopillars at the tip, first the mechanism of the polymer melt infiltration into
AAO nanopores should be discussed. In general, the penetration of a polymer melt in AAO
nanopores can take place via two distinct mechanisms, the so-called “capillary infiltration” or
“precursor wetting infiltration”, depending on the wettability of the polymer melt [133-135].
The wettability of a polymer melt over the AAO pore walls can be quantified by the
spreading coefficient (SC), which essentially calculates the energy difference between a bare
solid surface and a solid surface covered with the polymer melt. SC > 0 determines the
"complete wetting" regime, in which the polymer melt spontaneously spreads over the solid
surface. In this regime, a thin (typically <100 nm) precursor film with a length of up to
millimetres will form ahead of the developing polymer melt [133-135]. However, SC < 0
illustrates the "partial wetting" regime in which the polymer melt partially spreads over the
solid surface and reaches an equilibrium shape with a finite contact angle with the solid
surface. In this case, the "capillary infiltration" mechanism operates and accordingly, due to
capillary forces, the polymer penetrates inside the nanopores and consequently makes
nanopillars with a head bulging outward [133-135]. The spreading coefficient of Teflon AF

melt over AAO membrane pore walls can be calculated by SC = y4 — (y4p + yp) [135].
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Considering the surface energy of alumina as 0.8-2.5 J/m” [136], and that of Teflon AF as
15.7 mJ/m? [25], the spreading coefficient for the current system at room temperature would
be between 0.67 and 2.29. Therefore, knowing that SC would increase by increasing
temperature [135], at all processing temperatures of 270-360 °C, the spreading factor for the
current system was much larger than zero (i.e., SC > 0), which dictates the penetration of the
polymer in the mold via the so-called precursor wetting infiltration. In other words, upon
infiltration of Teflon AF melt into AAO nanopores, due to the large difference in surface
energy of the polymer melt and the mold, a thin nanoscopic precursor film was formed at the

forehead of the developing film (see Figure 4.2.B).

However, what really helped the fabrication of the terminating nanostructure over nanopillars
was fingering of the polymer precursor film over the AAO pore walls. Put otherwise, at the
current length scale where gravitational forces are negligible in comparison to interfacial
forces, the thermocapillarity-driven stresses at the contact line of the precursor film resulted
in its fingering over the solid surface to form a fingerlike structure at the head of the
developing polymer melt (see Figure 4.2.C). As shown in Figure 4.2.A, temperature was
increased to reduce the size (length and width) of the hierarchical brushes while enhancing
their density. It should be noted that perhaps due to the characteristically rough alumina
surface, the actual density and size of the brushes were not as well-defined as those shown in
Figure 4.2.A (compare with Figure 4.3) [26]. However, after solidification of the polymer
and dissolving the mold in NaOH solution, the fingerlike nanostructure was instantly

collapsed during the drying step (see Figure 4.2.A), resulting in formation of a fluffy
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nanostructure on top of the base nanopillars of ~200 nm in diameter. As drying continued,
the sheet-like nanostructure with sufficiently high density, held the tip of the base nanopillars
away from each other and consequently hindered the lateral collapse at the tips during the
drying step.

A:5.5 um tall; AR=27.5 B: 16 um tall; AR=80

C: 37 um tall; AR=185 D: 45 pum tall; AR=225

270 °C RIN® 330 °C

Figure 4.3. SEM images of double-level Teflon AF nanopillars; nanopillars with different heights of
approximately (A) 5.5 um, (B) 16 um, (C) 37 um, and (D) 45 um have been fabricated by setting the
temperature to 270, 300, 330, and 360 °C, respectively. The applied pressure and processing time for all
samples are the same (~5 Ib weight and 24 h processing time). The arrow at the left shows the direction
toward which the magnification increases from 1,000 X (top row) to 45,000 X (bottom row), while the
middle row shows the samples at 10,000 X magnification. The arrow at the bottom shows the direction
toward which the temperature increases from 270-360 °C in 30 °C steps. The top row shows the top-view
of the samples while the rest of images are from a 45°—view.

As can be seen in Figure 4.3.A, due to the low density of the terminating layer, the self-
sticking characteristic of high AR nanopillars led to the lateral collapse of the shorter Teflon
AF nanopillars at their tips (i.e., ~5.5 um; AR = 27.5), which formed an island-like structure
at the surface. However, the high density of the hierarchical level on top of the mid-sized
nanopillars (i.e., 16 and 37 um tall nanopillars) hindered the collapse at the tips and bundling
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(see Figure 4.3.B and 4.3.C); the novel sheet-like feature of the top layer helped the
fabrication of extremely high AR fibrillar structures up to an AR of 185 without self-mating
at the tip or bundling. However, for taller pillars (~45 gm in height, AR = 225), although the
terminating nanostructure was very dense, the self-sticking of pillars at the walls led to the
bundling of pillars into an island-like structure, but this time at the cost of shrinkage of the

top layer (see Figure 4.2.D).

4.3.2 Adhesion and friction of bi-level nanopillars

In order to characterize the adhesive and frictional properties of the fabricated dry adhesives,
indentation and LDP tests were carried out on nanopillars of different topographical
properties as well as on flat control samples. In an indentation test, a hemispherical fused
silica probe (8 mm in diameter) was pressed on the sample surface (loading step) until the
normal force reached the maximum preset force (the so-called preload). Then, the probe was
pulled upwards (unloading step) until it completely detached from the substrate. Upon
detaching the probe from the sample, their adhesion developed forces in the direction
opposite to that of unloading. The maximum of this force detected at the final stages of
detachment (the so-called pull-off force) was used to illustrate the adhesive ability of each
sample. The schematic of an indentation test and typical force traces (i.e., normal force vs.

displacement) for all samples are presented in Appendix A.

In LDP tests which were carried out to characterize the frictional properties of the fabricated

86



nanopillars, after pressing the hemispherical fused silica probe to the sample (loading step),
the probe was subsequently dragged over the sample surface for a 500 um distance (dragging
step); then, the probe was instantaneously moved upward (pulling step) until the probe
completely detached from the sample. The corresponding normal and lateral forces during all
loading, dragging, and pulling steps were recorded and used for analyzing the tribological
properties of the samples in the lateral direction. The schematic of an LDP test on bi-level
nanopillars is shown in the Appendix A. Before analyzing the indentation and LDP results,
we need to study first the contribution of forces (i.e., vdW and electrostatic forces)

interacting at the interface of Teflon AF and the fused silica probe.

4.3.2.1 Adhesive forces at Teflon AF surface

The non-retarded vdW force contribution to the adhesive forces between the hemispherical
fused silica probe (phase 1) in contact with Teflon AF (phase 2) via air (medium 3) can be
estimated by Fuy = — As3.d 112D° [74], where A;3, is the material-dependent Hamaker
constant between phases 1 and 2 interacting across the medium 3, d” the diameter of the
hemisphere, and D the separation distance. According to Lifshitz theory, the Hamaker
constant (4,3,) for the current system would be ~5.64x107 T at 298 K (see Appendix A for
details of its calculation). Therefore, for a typical cut-off distance of ~0.2 nm, the absolute
value of the vdW force interacting between a fused silica probe (d” = 8 mm) and Teflon AF
surface is ~1.14 mN. The adhesion force generated by vdW forces can also be predicted by

the Johnson-Kendall-Roberts (JKR) model (see subsection 2.3.1.2) which considers only the
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presence of short-range vdW interactions within the area of contact [104]. According to this
theory, the pull-off force (F) detected upon detaching two surfaces is independent of the
applied preload and can be calculated by F' = — 0.75zd Ay [104], where Ay = y; + y, — (y; X

2 while y; and y; are the surface energies of fused silica (75 mJ/m?) [131] and Teflon AF

y2)
(15.7 mJ/m?) [25], respectively. Hence, according to the JKR model, for a hemispherical
fused silica probe (8 mm in diameter) in contact with Teflon AF, the pull-off force of 1.06

mN is attainable, which is fairly close to that predicted by calculating the Hamaker constant

(i.e., 1.14 mN).

Since vdW forces are short-range, it should be noted that the abovementioned adhesive
forces at the surface are achievable only via an ultimate contact between two substrates. Due
to the high rigidity of Teflon AF (Young’s modulus = 1.5 GPa) [25], the actual area of the
contact for the nominally flat surface is negligible [6,67]. However, in order to quantify the
available surface area delivered by nanopillars of different topographical properties, the static

contact angle of water on all samples was measured (see Table 4.1).

Table 4.1. Geometrical and physical properties of bi-level Teflon AF nanopillars and flat control sample
with the respective processing temperatures.

Pillar Pillar Processing E:lfaesttil:e Static water Percentage surface
Sample | diameter | height AR | temperature a contact angle” fraction (fx100)
(nm) (um) C) modulus (degrees) (%)
K (MPa) & °
Flat — — 340 — 10543 91-100
A 200 5.5 27.5 270 14.57 165+1 4-5
B 200 16 80 300 1.72 1462 20-25
C 200 37 185 330 0.32 11745 62-82
D 200 45 225 360 0.22 158+4 6-13

“ Details regarding the calculation of this parameter can be found in Appendix A.
b Measured value + one standard deviation.
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Taking into account that Teflon AF is a hydrophobic polymer and water cannot fill the
surface defects, the measured apparent contact angle (6) can be used to approximately
calculate the surface fraction of the solid (f) available for contact by the Cassie-Baxter
equation

cos(0") = f(1+cos(0))—1
Equation 4.2

where 6 is the water contact angle on a flat Teflon AF surface (104°) [25]. According to the
percentage surface fraction (f x 100) of each sample, it can be seen in Table 4.1 that by
decreasing the size of the top level and enhancing its density (Figure 4.2.A), the percentage
area fraction has increased from 4-5% for sample A, which had an island-like structure
(Figure 4.3.A), to 62-82% for sample C with a fluffy sheet-like surface feature (Figure
4.3.C), leading to an enhanced actual surface area of pillars with a smaller size of the top
level. Even though sample D had the smallest feature size, pillar bundling led to shrinkage of
the terminating level (Figure 4.3.D), which again decreased the percentage area fraction to 6—
13% and, consequently, led to a smaller contact area (upon contact). It can be seen that even
in the best case scenario, the fabricated nanopillars cannot develop an intimate contact with
the smooth fused silica probe in order to develop optimum vdW interactions (1.06—1.14 mN).
However, as shown in Figure 4.1 for typical cases, the adhesion forces detected for the
compliant Teflon AF nanopillars can reach remarkably large values (~100 mN), while they
became enhanced linearly by increasing the preload, both suggesting the existence of a
source of adhesion other than vdW interactions. Even without these experiments and

calculations, it is well established that fluoropolymers like Teflon AF fail to generate
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effective vdW interactions, which along with their surface nonreactivity make them ideal

candidates for fabrication of non-sticky and releasing surfaces [137,138].

However, Teflon AF as a fluoropolymer can generate large electrostatic interactions since it
is a very efficient material for electron trapping and storing [139], which makes it subject to
getting charged at its surface upon contact with other materials via CE. In order to get an idea
about the charge storing capacity of Teflon AF upon its contact with fused silica and,
accordingly, its potential for generating electrostatic interactions with the probe used in
indentation and LDP tests, a separate series of experiments was carried out. Based on the
method employed by Liu and Bard [42], who characterized and quantified the electrons
accumulated over a Teflon surface after contact with different materials including glass,
Lucite, or metal, the surface of five thin (typically < 200 um) flat Teflon AF sheets (5%20
mm?) was rubbed with the same fused silica probe used in indentation and LDP tests for ~20
s. Following the rubbing by the fused silica probe, Teflon AF sheets were immersed in a
CuSOy aqueous solution, in which the separated electrons reduced the Cu®" ions into pure Cu
(Cu*" + 28 — Cu), which was instantaneously deposited at the sample surface. Figure 4.4.A
shows the EDX spectrum of the Teflon AF surface after copper deposition, while Figure
4.4.B represents the changes in optical absorbance of Cu®" in 4 mL of 1 mM CuSO, solution
before and after immersing 5 pieces of the flat Teflon AF sheets in the solution. In order to
measure the surface charge density, the deposited copper on Teflon AF sheets was
subsequently dissolved in concentrated nitric acid for further analysis with ICP-OES, which

indicated a surface charge density of ~7.7x10” C/cm® according to the geometric area. The
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measured charge density of ~7.7x10 C/cm?® was close to that measured for Teflon after
rubbing with Lucite (i.e., 0.1x107 C/em?) [42], while it was relatively larger compared to

typical values for other polymers [31].
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Figure 4.4. (A) EDX spectrum of flat Teflon AF surface after deposition of Cu on the surface by reducing
Cu?' ions from 1 mM CuSO, aqueous solution using the electrons accumulated at the surface after
rubbing the Teflon AF surface with a hemispherical fused silica probe. (B) Optical absorbance of 1 mM
CuSO, aqueous solution before and after immersing 5 pieces of charged flat Teflon AF samples (5%20
mm?) in a 4 mL solution.

Accordingly, in the subsequent section and through the analysis of all indentation and LDP
test results, the contribution of the relatively weaker vdW forces at the surface will be
neglected, whereas the adhesive and frictional properties of the fabricated nanopillars will be

discussed only in regard to their ability to generate electrostatic interactions as the dominant
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forces in the current system [29].

4.3.2.2 Adhesion and friction tests

The data obtained in indentation tests, which were carried out to study the adhesive
properties of the bi-level Teflon AF nanopillars as well as those of the flat control samples,
are shown in Figure 4.5. Figure 4.5.A shows the pull-off forces generated under different
preloads for nanopillars of distinct topographical properties (samples A to D; see Table 4.1
and Figure 4.3). In order to study the electrostatic forces operating between bi-level Teflon
AF nanopillars in contact with the fused silica probe, they can be modelled as infinite parallel
plates (see subsection 2.3.2.2) when considering that the separation distance (typically < 5
um) is much smaller than the radius of the curvature of the probe (8 mm) and the diameter of
the contact area (250—400 um), and assuming that no deformation occurs upon contact while
the charge densities at the surfaces are uniform and equal [32,107]. Hence, the magnitude of
the electrostatic force (F..) can be calculated by Equation 2.14. Although Equation 2.14 is
approximate, it clearly shows that in the case of charged surfaces, the operating electrostatic
force is dependent on the surface charge density while it is directly proportional to the
contact area (and, accordingly, to the applied preload). Although the influence of the latter
factor (i.e., enhancement in the surface area) on adhesive properties of the samples will be
fully discussed shortly, the role of the former was not explored in detail in that measuring the
surface charge density in the current system is not practical and, if possible, it would not be

very accurate (see Appendix A for more details) [29].
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It can be seen in Figure 4.5.A that for the tallest nanopillars (sample D; ~45 um tall), under
all applied preloads, negligible pull-off forces were detected (comparable to those of the flat
control sample), which were attributed to the collapse and bundling of the nanopillars and
accordingly the very small actual area of contact [19,58,87]. However, for one level shorter
pillars (sample C; ~37 um tall) which did not collapse because of the presence of the
terminating layer on top, considerable pull-off forces were detected while still lower than
those for sample B (~16 um tall). Although sample B had lower surface area available for
contact in comparison to sample C, it showed a remarkably superior adhesion performance
especially at elevated preloads (see Figure 4.5.A), most likely due to a lower chance of
buckling during loading because of their lower height compared to 37 um tall pillars
[19,53,58,87]. As the height decreased further (sample A, ~5.5 um tall), it was observed that
the pillars showed remarkable adhesive properties at low preloads while at higher preloads,
their efficiency in generating adhesion compared to more flexible taller pillars was lower, as
expected [53]. Basically, pillars having lower ARs have larger values of the effective elastic
modulus (see Table 4.1) and consequently, at an identical preload, there is a smaller number
of pillars at the contact zone compared to higher AR pillars, which decreases the actual

contact area and consequently the generated pull-off forces [18,19,128].

It should be mentioned that only the pull-off force values in the preload range of 5-50 mN
are reported in Figure 4.5.A in that the nanopillars showed their best performance (i.e.,

highest pull-off force per unit surface area) in this range. In other words, it was observed that
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by enhancing the preload, the achieved pull-off force values went through a maximum and

beyond that they started to slightly decline (see Appendix A). The maximum achievable

adhesion strength (pull-off force per unit surface area) and its corresponding preload for each

sample are presented in Figure 4.5.B (see Appendix A for more details).
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Figure 4.5. Indentation test results. (A) Pull-off force for flat control samples and double-level nanopillars
of 200 nm in diameter with different heights of ~5.5, 16, 37, and 45 ym at nominal preloads of 5, 10, 25,
and 50 mN. (B) The maximum achievable adhesion strength (pull-off forces per unit surface area) for the
same nanopillars. The dashed red line shows the normal adhesion strength of natural gecko foot hair.

It was observed that the shortest nanopillars (5.5 um tall) showed very high achievable
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adhesion strength of ~1.3 N/cm” at a very small preload of ~12 mN, while for samples with
larger pillar heights and smaller top layer feature sizes, the maximum adhesion strengths
were achievable at higher preloads. By increasing the height to 16 um, the adhesion strength
was elevated to the remarkable value of ~1.6 N/cm® which was still attainable at the
relatively small preload of ~23 mN. Enhancing the height to 37 yum for sample C lowered the
efficiency of the dry adhesive most probably due to the elevated chance of buckling during
the loading step [19,53,87], as well as the large possibility of the damage of its relatively
smaller-sized top level at higher preloads. As mentioned, even though the tallest nanopillars
(45 um tall) had the smallest hierarchy feature size, due to collapsing of pillars and their
bundling, they could not conform to the probe during loading, leading to a weak adhesion

performance in comparison to other nanopillars [19,53,58,87].

The frictional properties of the fabricated nanopillars as well as those of the flat control
samples were studied by LDP tests (see Figure 4.6). Figure 4.6.A shows typical friction
traces (force vs. time) from LDP tests on 37 um tall double-level nanopillars (sample C) and
a flat control sample; the plot shows both the changes in the normal force (£) and the lateral
force (Fy) from ~10 s before the start of dragging to ~10 s after unloading, while the preload
was set to a nominal value of 10 mN. It can be seen in Figure 4.6.A that at the start of the
dragging of the probe over the nanopillars, a rapid and substantial decrease in the absolute
value of the normal force was detected. It seems that due to enhanced compliance of the
nanopillars in the lateral direction compared to the normal direction, the normal force was

suddenly released and a significant decline in the absolute value of the normal force was
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detected, as previously reported and discussed for micron-sized fibrillar structures [68,69].
This incident was not observed for the flat control sample (Figure 4.6.A and Appendix A for
more details). Nonetheless, since the LDP instrument was operating at a constant normal

force mode, the loading force was recovered within a few seconds after the start of dragging

(Figure 4.6.A).
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Figure 4.6. LDP test results. (A) Typical friction traces (force vs. time) for 37 um tall double-level
nanopillars and a flat control sample; changes in the normal force (F,) and the friction force (F,) are
shown for ~10 s before the start of dragging to ~10 s after the unloading at a nominal preload of 10 mN.
(B) Effective shear strength at the start of the dragging step in LDP tests for the flat control sample and
nanopillars of 200 nm in diameter with different heights of ~5.5, 16, 37, and 45 x#m at nominal preloads of
5, 10, 17.5, and 25 mN. The red dashed line shows the shear strength of natural gecko reported in the
literature. (C) Pull-off force values measured upon unloading in the same LDP tests for the same samples.

It was also observed that during the rest of the dragging step, due to the characteristic stick-
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slip phenomenon, the friction force significantly fluctuated in a periodic manner [107,140],
while its average value (almost three times larger for the 37 um tall nanopillars in
comparison to the flat control sample) slightly deviated as the probe was dragged further over
the nanopillars. The stick-slip phenomenon, which was more significant for nanopillars, is
due to local surpassing of the adhesive force to the applied lateral force, resulting in periodic

fluctuations in the measured friction force [107,140].

Similar to a gecko, an effective dry adhesive should be able to generate strong shear strength,
preferably higher than that of normal adhesion [7,90]. The friction force (F,) measured in
LDP tests can be related to shear strength (S) by F, = S + uF. [6], where u is the Coulomb
friction coefficient (=0.35) and F. the applied normal force. While the first term (i.e., shear
strength, S) comes from interfacial adhesion demonstrating the shear performance of the
surface, the second (uF:) represents the load-dependent friction force, which relies on the
properties of the bulk material. In view of that and in order to have a better insight into the
shear performance of the nanopillars, the load-dependent friction force was subtracted from
the measured friction force (Fy) and the term "shear strength coefficient" or "effective shear
strength", as 7 = S/a..,, was defined (a.,, is the apparent contact area). While the value of 7
for a flat surface is almost zero, due to the high rigidity of Teflon AF and consequently
negligible actual contact area [6,67], the corresponding effective shear strengths for different

nanopillars were significantly high, as shown in Figure 4.6.B.

Basically, a fibrillar adhesive capable of generating effective sidewall contact can exhibit
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elevated shear performance, which would improve via the enhancement in the actual contact
area at higher preloads, accordingly improving the shear strength at higher normal forces
[67,68,90]. Due to the geometrical properties of the shortest nanopillars (i.e., low density of
the hierarchical level), only these nanopillars can make an effective sidewall contact with the
fused silica probe (see Figure 4.3.A), most likely leading to their observed improved actual
shear strength which reached the value of ~12 N/em?® at a 25 mN preload (Figure 4.6.B),
about 20% higher than that of a natural gecko (i.e., 10 N/cm?) [2]. As observed in SEM
images taken from the area where each LDP test was carried out (typical SEM images are
shown in Figure 4.7), the trunks of the nanopillars were entirely aligned in the direction of
the probe displacement (Figure 4.7.A), signifying the efficient sidewall contact with the
probe. However, the changes in shear strength of the shortest nanopillars (5.5 um tall) by
increasing the preload took place in two distinct regimes; this incident was previously
reported for other nanopillars as well [64]. Comparing the probe penetration depth (see
Appendix A) with the size of the nanopillars shows that in the first regime (low preloads), the
penetration depth is smaller than the size of the nanopillars. On the other hand, in the second
regime (higher preloads), the probe penetration depth is larger than the height of pillars,
consequently involving the backing layer in supporting the applied load. Therefore, the
change in the shear strength enhancement regime was attributed to the extra buckling of
nanopillars when the probe penetration depth was larger than the pillar height, which
significantly enhanced the actual contact area due to lowering the tip contact and enhancing

the sidewall contact [53,87].
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Nonetheless, as can be seen in Figures 4.7.B and 4.7.C, for mid-sized nanopillars, the
elevated density of the nanostructure terminating the nanopillars at the top hindered the
sidewall contact of the nanopillars with the fused silica probe. However, it seems that a
sheet-like structure of the top layer, which resembles the thin film-terminated fibrillar
interfaces previously used as dry adhesives [52,56], helped the mid-sized nanopillars to still
generate elevated shear strength values (up to ~3 and 7 N/em® for samples B and C,

respectively).

Figure 4.7. SEM images taken after LDP tests carried out on (A) 5.5 um tall nanopillars (AR = 27.5), (B)
16 xm tall nanopillars (AR = 80), (C) 37 um tall nanopillars (AR = 185), and (D) 45 um tall nanopillars
(AR = 225) at a nominal preload of 10 mN. The dragging speed for all samples was set to 10 zm/s; the top
arrow shows the direction along which the probe was dragged over the samples.
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In comparison to these nanopillars, the bundled 45 um tall nanopillars (sample D) reached a
relatively moderate effective shear strength (up to ~4 N/cm?), most likely due to their ability
to generate minor sidewall contact with the probe (see Figure 4.7.D), although they still had a

low actual surface area because of the bundling effect [19,87].

However, at the end of the dragging step and during the last stage of unloading, the same
way as in the indentation tests, adhesion of nanopillars to the probe led to large pull-off force
values as presented in Figure 4.6.C. As expected, the trends of the pull-off force changes at
different preloads measured after the LDP tests are almost the same as for the indentation
tests. However, the magnitudes of the pull-off forces for all samples (with the exception of
sample C) were significantly higher than those measured in indentation tests (compare with
Figure 4.5.A). The increase in the pull-off force after dragging was anticipated in that upon
sliding the probe over nanopillars, the nanopillars bent and conformed to the probe (see
Figure 4.7), leading to an enhancement in the actual surface area upon contact and,
consequently, elevated pull-off forces [69]. Besides, during the dragging step, charges can
separate more effectively via sliding [31], more likely leading to higher surface charge
densities and consequently enhancement in pull-off force (Figure 4.6.C). However, regarding
sample C as the tallest unbundled nanopillars with the smallest top layer feature size, it seems
that the plastic deformation of the second level, as evident in Figure 4.7.C, has decreased the
available surface area after the LDP tests, accordingly leading to smaller detected pull-off

forces for the 37 um tall nanopillars. It can be seen that, despite other samples, the small-
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sized hierarchal level of these nanopillars was ruptured in many parts during the dragging
step, which reduced the actual surface area and consequently lowered the measured pull-off
force of sample C in comparison to that of indentation tests. Nevertheless, it should be noted
that for all samples, the measured pull-off force values after the LDP tests were still much
lower than the generated friction forces, helping the strong binding in the lateral direction

and easy detachment in the normal direction [7].

4.4 Summary

Upon infiltration of Teflon AF melt in the mold, fingering of the polymer melt over anodic
aluminium oxide nanopore walls enabled the fabrication of a novel hierarchical level at the
forehead of the polymer melt developing in the mold. The collapse of the hierarchical level
after removal of the mold and during the drying step resulted in the formation of a dense
sheet-like nanostructure on top of nanopillars, which hindered their collapse at the tip. The
height of the nanopillars as well as the size and density of the top layer were controlled by
adjusting the processing temperature. Due to the presence of the top fluffy layer with an
adequate density, extremely high aspect-ratio nanopillars were fabricated, which up to an
aspect-ratio of 185 neither collapsed at the tip nor bundled. Despite the very low surface
energy of the polymer and its limited van der Waals interactions, its potential to get charged
at its surface via contact electrification resulted in an electrostatically-driven adhesion of the
fabricated nanopillars. The exceptional geometrical properties of the fabricated nanopillars

along with the ability of the polymer to generate excessive electrostatic interactions helped
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the fabricated nanopillars to generate strong adhesion and friction strengths up to ~1.6 and

1.2 times those of natural gecko in normal and shear directions, respectively.
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Chapter 5. Modifying the Terminating Nanolayer of Bi-level Teflon
AF Nanopillars and Studying their Adhesion Properties

5.1 Introduction

As discussed in the previous chapter, fabrication of bi-level Teflon AF nanopillars, which
was carried out via replica-molding, was dependent on the formation of a nanoscopic
precursor film of the polymer melt confined within vertically-aligned anodic aluminum oxide
(AAO) nanochannels used as the template. More specifically, upon infiltration of the
polymer melt into the AAO nanochannels, a thin nanoscopic precursor film was formed
ahead of the advancing polymer melt. Due to its special interfacial interactions, the precursor
film of the polymer destabilized and ruptured to form an exceptional brush-like nanostructure
at the forehead of the advancing polymer melt. Put otherwise, inherent thermocapillarity-
driven stresses at the contact line of the Teflon AF precursor film with the AAO pore walls
led to its fingering over the substrate, which in turn, gave rise to the growth of a unique
brush-like nanostructure ahead of the developing polymer melt. Having a very small and soft
feature, the fingered brush-like nanostructure instantaneously collapsed after removal of the
mold, resulting in the formation of a special (fluffy) sheet-like nanostructure on top of the

base nanopillars of extremely high AR.

At that point, we succeeded in modifying the geometrical properties of the top terminating

nanolayer by changing the size and the density of the fingered hierarchical nanostructure (at
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the forehead of the developing polymer melt). Modifying the structure of the fingered
nanostructure was in fact achieved by adjusting the processing temperature; increasing the
processing temperature — from 270 to 360 °C — enhanced the density of the brush-like
nanostructure, while it decreased its size (i.e., length and width of each fingered fibril). Even
so, the changes in the structural feature of the advancing brush-like nanostructure (and as a
result, that of the top terminating nanolayer) were inevitably tied with the variation of the
penetration depth of the polymer and so, the height of the fabricated nanopillars. In other
words, changing the processing temperature, aside from helping to modify the structure of
the top terminating nanolayer, also led to changing the penetration depth of the polymer melt
into AAO nanochannels and in turn, the height of the base nanopillars. With respect to the
fabrication of an efficient dry adhesive, however, the simultaneous change in both the feature
of the fingered hierarchical nanostructure and the penetration depth of the polymer is not
favored in the sense that it limits the control over the geometry of the final nanostructure and

consequently, its adhesive properties [16-18,22,79].

In this regard and in order to achieve an effectual control over the geometrical properties of
bi-level Teflon AF nanopillars, in the current chapter, we report on a novel fabrication
technique, which allowed us to efficiently control the geometry of the fingered brush-like
nanostructure, but this time, independent of the penetration depth of the polymer melt. The
method developed in here basically relies on concurrent heating and cooling of the polymer
melt from opposite sides. Similar to conventional infiltration systems (like the one that we

previously applied for fabrication of bi-level Teflon AF nanopillars) [29,86,133,134], the
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polymer was heated above its glass transition temperature of 160 °C [25], which made
possible the efficient penetration of the polymer melt into the AAO nanochannels up to a
specific depth. However, in an innovative way, the polymer was concurrently cooled down
from the top for the duration of its infiltration into the mold. Simultaneous cooling of the
polymer allowed the control over the thermocapillarity-driven stresses of the Teflon AF
precursor film confined within the AAO nanochannels and in that regard, over the
geometrical properties of the fluffy nanostructure terminating the nanopillars at the tip. Even
though changing the cooling temperature (from —20 to 40 °C in 20 °C steps) effectively
altered the structural feature of the top terminating nanolayer, interestingly, varying the
cooling temperature did not — noticeably — affect the penetration depth of the polymer and
accordingly, the height of the base nanopillars. So, regardless of the value of the cooling
temperature and by keeping the heating temperature constant at 300 °C, nanopillars of almost

identical heights (~25 um) were prepared.

The height of the fabricated nanopillars was measured from scanning electron microscope
(SEM) images taken from the cross-section of each sample. The structural properties of the
nanolayer terminating the nanostructure at the top of the base nanopillars were quantified
using water contact angle measurements and atomic force microscopy (AFM). Following
that, the effects of the structural properties of the fabricated nanopillars on their adhesive and
frictional performance were investigated by indentation and friction tests. It is worthwhile

mentioning that the exceptional electrostatic-based adhesion of bi-level nanopillars allowed

105



them to achieve remarkable adhesion and shear strengths, up to ~2.1 and 13.0 N/cm?,

respectively.

5.2 Experimental

5.2.1 Materials

The polymer used for fabrication of the bi-level nanopillars was Teflon AF 1600 (DuPont),
which is a copolymer of tetrafluoroethylene (TFE) (35 mol%) and
2,2-bistrifluoromethyl-4,5-difluoro—1,3-dioxole (PDD) (65 mol%). The mold used for
fabrication of the nanopillars was anodic aluminum oxide membrane (Whatman Inc.) with a
pore diameter of 200 nm and a pore length of 60 um (pore density = 25-50 %). Aqueous
solution of sodium hydroxide (NaOH; >97.0%; Sigma) was used to dissolve the membrane
after solidification of the polymer in the mold. All other common solvents were used without
further purification. The hemispherical fused silica (SiO;) probe (8 mm in diameter) used in
tribological tests was purchased from ISP Optics Corp. The tip used for AFM imaging was a
silicon crystal tip (PPP-NCL; thickness: 7.0£1 um; length: 225+10 um; width: 38+7.5 um,;

radius: 10 nm), obtained from NANOSENSORS.

5.2.2 Fabrication of bi-level Teflon AF nanopillars

Bi-level Teflon AF nanopillars were fabricated by infiltration of the polymer melt into

vertically-aligned AAO nanochannels. As shown in Figure 5.1, the polymer granules were
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placed over an AAO membrane with nanochannels of 200 nm in diameter and 60 ym in
length. For fabrication of nanopillars of identical heights, the AAO mold and the polymer
were heated from the bottom at the constant heating temperature (7%) of 300 °C. On the other
hand, to independently control the topography of the nanostructure which was terminating
the base nanopillars at the tip, the polymer was concurrently cooled down from the top by
adjusting the cooling temperature (7¢) at —20, 0, 20, and 40 °C in order to fabricate samples
A, B, C, and D, respectively. After 6 h of processing, the temperature of the whole system
was brought to room temperature; subsequently, the mold was dissolved in 1.25 M NaOH
solution and the sample was air dried afterwards (see the Appendix B for more details

regarding the fabrication of nanopillars as well as that of flat control samples).

5.2.3 Characterization

The surface energy of the polymer melt at various temperatures, ranging from ~260 to 360
°C with £0.5 °C resolution, was determined by the Axisymmetric Drop Shape Analysis
(ADSA) approach using a home-built setup under atmospheric pressure. Details regarding
the ADSA method applied and the equilibrium surface tension values measured can be found
in Appendix B. SEM images from top and cross-section of the fabricated nanopillars were
taken by a ULTRA FE-SEM (Carl Zeiss NTS) operating at 5 kV. In preparation for SEM
imaging, each sample was coated with a thin (~10 nm) gold layer by a Desk II cold

sputtering instrument (Denton Vacuum, LLC).
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To determine the roughness of the fluffy nanostructure terminating the nanopillars at the tip,
AFM images were taken from a 5x5 um® area from each sample using a PicoScan atomic
force microscope (Molecular Imaging) in the tapping-mode (resonance frequency = 170—180
kHz). Analysis of AFM images was performed with WSxM software from Nanotec
Electronica S.L. Each roughness value cited in this report is the average value determined

from three distinct scans, while the deviations signify the corresponding standard deviations.

Static water contact angle measurement tests were carried out on all samples to investigate
the actual surface area delivered for contact by each sample. A characteristic water contact
angle measurement test comprised placing of a ~5 uL. water droplet volume on the sample
surface to the closest proximity at a rate of 15 mL/min. Using a MATLAB code, the static
contact angle of the droplet was measured by analyzing the image of each water droplet taken
~20 s after complete drop of the droplet on the sample. Each point on water contact angle
results represents the average from five individual experiments, while the error bars signify

the corresponding standard deviation.

The adhesive and frictional properties of the samples were characterized by indentation and
load-drag-pull (LDP) tests (i.e., friction tests), respectively. Indentation and LDP tests were
performed on a Universal Material Tester (UMT) machine from the Center for Tribology,
Inc. (CETR). The load cell used for both indentation and LDP tests was a 2-axis
Friction/Load Sensor (FVL, 1.0-100 mN range, 10 uN force resolution), which

simultaneously and independently measured friction force and normal load. Indentation and
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LDP testes were carried out at ambient conditions (temperature, 7 = 24+l °C; relative
humidity (RH) = 23+1 %) and each point in the collected data represents the average from at
least five independently replicated experiments, while the error bars indicate the
corresponding standard deviation. In preparation for indentation and LDP tests, each sample
was glued to a glass slide using an ethyl cyanoacrylate-based glue (Krazy Glue Corp.) and
dried under vacuum at room temperature overnight. The hemispherical fused silica probe was
also glued to the corresponding probe bases using the same glue. Before performing
indentation and LDP tests, the probe was washed three times with acetone, ethanol, and
deionized (DI)-water, and was subsequently grounded to remove any possible charge from its
surface. The indentation and LDP results for flat control samples were retrieved from the
results reported in Chapter 4. More details regarding indentation and LDP tests can be found

in Appendix B.

5.3 Results and discussion

5.3.1 Fabrication of bi-level Teflon AF nanopillars

Fabrication of bi-level Teflon AF nanopillars was carried out by concurrent heating and

cooling of the polymer melt upon its infiltration into vertically-aligned AAO nanochannels.

Before looking into the particular effects of the cooling and heating temperatures on

structural and topographical properties of the fabricated nanopillars, the dynamics of Teflon
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AF infiltration into AAO nanopores and the mechanism of the formation of the terminating

nanostructure on top of Teflon AF nanopillars should be discussed first.

5.3.1.1 Polymer infiltration mechanism and formation of the terminating layer

In general, a polymer can penetrate an AAO nanochannel via two distinct regimes of the so-
called "capillary infiltration" or "precursor wetting infiltration", depending on the difference
between the surface energy of the polymer melt and that of the nanochannel wall [133-135].
This energy difference can be quantified by the spreading coefficient, SC = y4 — (y4p + yp)
[135], where y4 is the surface energy of the AAO pore wall, yp the polymer melt surface
tension, and y4p = (y4 X yp)l/ ? the pore wall/polymer melt surface tension. At low
temperatures where SC < 0 (non-wetting regime), the polymer melt penetrates the nanopores
by capillary forces via the so-called "capillary infiltration" mechanism. In this regime, the
polymer melt develops an acute contact angle with the pore wall and accordingly, nanopillars
with a head bulging outwards would be obtained [133,135]. However, at elevated
temperatures where SC > 0, the effective mechanism is "precursor wetting infiltration", in
which the polymer melt wets the solid surface and spontaneously spreads over it. In the
precursor wetting infiltration regime, a thin (typically < 100 nm) precursor film with a length
of up to millimeters forms ahead of the developing polymer melt. The formation of the
precursor film, in turn, leads to formation of nanopillars with a head curving inward or, in the

extreme case, nanotubes [133,135].
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With respect to our system and considering the surface energy of alumina as 0.8-2.5 J/m*
[136], while that of the Teflon AF as ~7.8 mJ/m* at 300 °C (see Appendix B for polymer
surface energy vs. temperature results), the spreading coefficient would be between 0.71 and
2.35; that is, infiltration of the Teflon AF melt into the AAO nanochannels took place via the
precursor wetting infiltration mechanism and a thin nanoscopic precursor film advanced

ahead of the developing polymer melt.

It is worthwhile recalling that formation of a precursor film ahead of a polymer melt is not
restricted to Teflon AF, since it has been reported for several polymers processed at elevated
temperatures into AAO nanopores [133-135]. Even so, it has been only in the case of Teflon
AF precursor films that the films can get destabilized and subsequently, ruptured to form a
brush-like nanostructure ahead of the developing polymer melt. More specifically, at the
current length scale where the effect of gravitational forces can be neglected in comparison to
that of interfacial forces [135], the thermocapillarity-driven stresses at the contact line of the
advancing Teflon AF precursor film with the pore walls resulted in its instability and,
accordingly, fingering of the polymer film over the AAO pore walls. As illustrated in Figure
5.1, rupture and fingering of the polymer precursor film gave rise to formation of a unique
brush-like nanostructure ahead of the developing polymer melt. After removal of the mold —
by dissolving that in NaOH solution — and upon drying of the sample, the fingerlike
nanostructure instantly collapsed, which resulted in the development of an exceptional fluffy
nanostructure on the top of the base nanopillars. Instantaneous formation of the sheet-like

nanolayer on top, in fact, hindered the collapse of the base nanopillars at the tip during the
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drying step, allowing the formation of extremely high aspect-ratio (i.e., 125) Teflon AF

nanopillars without collapsing at the tip or bundling.

5.3.1.2 Effects of heating and cooling temperatures

Knowing that a precursor film can form and subsequently, finger ahead of the Teflon AF
melt (as discussed earlier), the polymer and the mold were concurrently heated and cooled

from opposite sides (see Figure 5.1).
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Figure 5.1. Schematic of the fabrication of bi-level Teflon AF nanopillars by infiltration of the polymer
melt into vertically-aligned AAO nanochannels. The heating temperature was kept constant at 300 °C to
keep the penetration depth of the polymer melt and, accordingly, the height of the fabricated nanopillars
constant. On the other hand, the geometrical properties of the brush-like nanostructure at the forehead
of the advancing polymer melt and, in turn, the structural properties of the fluffy nanostructure at the tip
of the nanopillars, were tailored by adjusting the cooling temperature at -20, 0, 20, and 40 °C.

Doing so, the instabilities of the advancing precursor film and, in view of that, the profile of
the nanostructure terminating the base nanopillars at the tip, were modified. In particular, by
keeping the heating temperature constant (at 300 °C) while lowering the cooling temperature

(from 40 to —20 °C in 20 °C increments), the interfacial instabilities of the precursor film
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were ‘excited’ and, therefore, terminating nanostructures with relatively smaller feature sizes
were obtained at lower cooling temperatures (see Figure 5.2). Even though adjusting 7¢
allowed the efficient modification of the geometrical properties of the top terminating
nanolayer, interestingly, the infiltration depth of the bulk of the polymer and, as a result, the
height of the base nanopillars, did not change distinctly through variation of the cooling
temperature. In particular, samples A, B, C, and D (which were fabricated at the cooling
temperatures of —20, 0, 20, and 40 °C, respectively) had the base nanopillars of almost
similar (~25 um) height (see Table 5.1). In this respect, prior to discussing the effects of the
cooling temperature on geometrical properties of the top terminating nanostructure, we first
explain why changing 7¢ did not affect the infiltration depth of the polymer and

consequently, the height of the fabricated nanopillars.
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Figure 5.2. Top row shows the SEM images of the top-view of Teflon AF nanopillars processed at the
heating temperature of 300 °C and the cooling temperature of (A1) -20 °C, (B1) 0 °C, (C1) 20 °C, and (D1)
40 °C. The corresponding amplitude AFM images for the same samples are shown in A2 to D2,
respectively.
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In general, the penetration depth of a polymer into an AAO nanochannel (at a constant
processing period) is only changing with the temperature of the polymer inside the nanopore.
More specifically, the relative penetration depth (#) of the polymer melt into an AAO
nanochannel can be determined by Equation 4.1 [132]. As temperature affects both the
surface energy and viscosity of the polymer melt (i.e., yp and 7, respectively), Equation 4.1
essentially demonstrates that for a certain processing period (i.e., constant ¢), the temperature
of the polymer is the only parameter controlling its penetration depth. Therefore, at a
constant processing time (as in the current system), the higher the polymer temperature is, the
deeper the polymer goes into the nanochannels and as a result, nanopillars of larger heights
will be obtained [29,135]. It is worthwhile to recall that the increase in the height of Teflon
AF nanopillars by increasing the processing temperature has been reported in Chapter 4,
where Teflon AF was processed in AAO at various processing temperatures ranging from

270 to 360 °C to fabricate nanopillars of ~5.5 to 45 um tall.

However, in the current experiments where the polymer was processed at various cooling
temperatures (see Table 5.1), it was observed that the height of the fabricated nanopillars
were almost similar, regardless of the change in the cooling temperature. According to
Equation 5.1, this observation essentially suggests that cooling temperature did not —
effectively — affect the temperature of the polymer melt confined within AAO nanochannels.
In order to explain the independence of polymer temperature on the temperature of the
cooling source (i.e., T¢), first a discussion is needed of what factors are basically altering the

temperature of the polymer melt inside AAO nanochannels.
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Table 5.1. Geometrical and physical properties of bi-level Teflon AF nanopillars and flat control samples
with the particular processing temperatures.

. Percentage
Pillar Pillar Heating Cooling Static water surface Roughness
Sample | diameter | height | AR | temperature | temperature contact fraction average

(m) | (um) °0) ) anele (7%100) )

(degrees) o (nm)

(%)

Flat — — — 340 — 105+3 91-100 —
A 200 25 125 300 -20 154+3 13+3 55+8
B 200 25 125 300 0 152+ 1 15+1 60+ 1
C 200 25 125 300 20 150+ 5 18+ 5 67+3
D 200 25 125 300 40 147+ 3 22+3 73+6

The temperature of a polymer melt confined within an AAO nanochannel, changes in general
via two heat exchanging mechanisms: conduction through the polymer plus convection via
air [141]. Even so, it has been reported that the effect of convection through air on the
temperature of the polymer in an AAO nanochannel can be neglected when compared to
conduction through the polymer [141]. Conduction through the polymer melt, on the other
hand, naturally falls into two distinct categories: conduction in the "lateral direction" (1) via
the pore wall and conduction in the "normal direction" (||) through the nanopore. However,
in the current system, due to the small diameter yet large length of the AAO nanochannels,
the heat exchanging term of the normal direction (||) along the pores can be reasonably
neglected in comparison to the conduction term of the lateral direction (1) with the pore
walls. Put otherwise, inside the narrow (200 nm diameter) but long (60 x4m long) AAO pore,
the conduction in the lateral direction with the highly conductive nanochannel wall (thermal
conductivity (kupumina) = 16 W/m.K @ 300 °C) [142] is more influential on the temperature of

the bulk of the polymer melt than conduction along the pore through the insulating polymer
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(krefion a5 = 0.42 W/m.K @ 300 °C) (see Appendix B for details on the thermal properties of

the polymer).

Therefore, it can simply be stated that the "temperature of the polymer melt" confined within
the nanopores was mainly varied by the "temperature of the pore wall" (i.e., AAO
membrane). As a matter of fact, this can completely explain why cooling temperature did not
significantly affect the temperature of the polymer melt, seeing that the temperature of the
mold was effectively set by the temperature of the heating source, but not the cooling source.
Otherwise stated, the AAO mold was in direct contact from the bottom with the heating
source while, from the top, it was always insulated from the cooling source by an insulating
polymer layer of typically a few hundreds of micrometers (~200-300) in thickness (see
Figure 5.1). Hence, recalling that the relatively thin AAO mold (60 4m thick) was made up
of a material at least forty times more conductive than the polymer, it can be stated that the
temperature of the mold and, as a result, that of the polymer melt restricted in the mold were
mainly affected by the temperature of the heating source (77), while they were practically
independent of the temperature of the cooling source (7¢). So, by setting the heating
temperature at the constant value of 300 °C and regardless of the changes in the cooling
temperature, nanopillars of about 25 um tall were fabricated (as measured from SEM images

taken from the cross-section of the samples).

Although changing the cooling temperature did not noticeably affect the penetration depth of

the polymer and as a result, the height of the fabricated nanopillars, it effectively helped to
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modify the structural properties of the fluffy nanostructures which were terminating the
Teflon AF nanopillars at the tip. Otherwise stated, cooling the polymer from the top and,
accordingly, generating a temperature gradient across the setup helped the control over the
instabilities of the precursor film, which was advancing ahead of the polymer melt confined
within AAO nanochannels. More specifically, it appears that increasing the temperature
gradient, by lowering 7¢ and keeping 7y constant, led to formation of precursor films of
seemingly smaller thickness. As previously determined for the case of thermocapillarity-
controlled dynamics of planar thin films, those with smaller thickness (which are naturally
less stable) are normally split up into features of smaller sizes [26,28]. According to this
point of view, it seems that by enhancing the applied temperature gradient (i.e., lowering 7¢),
precursor films of smaller thickness and consequently, more vulnerable to thermocapillarity-
driven instabilities, were developed. Less stable advancing precursor films expectedly
ruptured into fibrils of smaller sizes and as a result, terminating nanostructures of smaller

feature sizes were fabricated at lower cooling temperatures (see Figure 5.2 and Table 5.1).

The structural properties of the top terminating nanostructure of Teflon AF nanopillars of
distinct geometrical properties (samples A—D; see Figure 5.2 and Table 5.1) were analyzed
by both water contact angle measurements and AFM imaging. In the first test series, static
water contact angle on all samples was measured in order to demonstrate the actual fraction
of the surface covered with the polymer (see Table 5.1). Put otherwise, in case of a
hydrophobic material like Teflon AF, as water cannot fill the defects over the surface, the

magnitude of the actual water contact angle (8") can be used to determine the fraction of the
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surface covered with the polymer (f). In this perspective, by using the Cassie-Baxter
equation, cos(8") = f (1 +cos(d))—1[27], where @ is the water contact angle on a flat Teflon
AF surface (i.e., 104°) [25], the percentage surface fraction (f x 100) of each sample (i.e., the

fraction of the surface available for contact) was calculated (see Table 5.1 and Figure 5.3).
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Figure 5.3. Water contact angle and the percentage surface area fraction for bi-level Teflon AF
nanopillars of various geometrical properties processed at different cooling temperatures of -20, 0, 20,
and 40 °C.

As illustrated in Figure 5.3 and Table 5.1, by increasing the cooling temperature from —20 to
40 °C, the percentage area fraction over bi-level Teflon AF nanopillars was enhanced from
~13% for sample A, with the smallest terminating nanolayer feature sizes, to ~21% for
sample D with the largest ones. From another perspective, the samples processed at lower

cooling temperatures had a smaller area available for contact and vice versa.

Next, in order to look into the roughness of the terminating nanostructure on top of the base

nanopillars, AFM tests were performed on all samples (A—D). For the sake of visual clarity,
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only amplitude images obtained in the AFM tests are shown in Figure 5.2 (bottom row). But
the roughness results reported in Table 5.1 were extracted from the corresponding
topography images taken in the AFM tests (see Appendix B for the characteristic topography
images). As demonstrated in Table 5.1, samples processed at lower cooling temperatures had
typically smaller roughness average (R,) values in comparison to those processed at higher
cooling temperatures. That is, bi-level Teflon AF nanopillars which were processed at
smaller 7¢ values possessed terminating nanolayers of smaller thickness and, most likely, of

softer structure, as will be discussed in detail in the upcoming subsection.

It is worthwhile mentioning that the applied novel approach toward changing the topography
of the top terminating nanostructure of bi-level Teflon AF nanopillars is crucially relying on
the particular design of the setup and, in particular, the presence of a stainless steel (SS)
cylinder above the polymer melt (see Appendix B for details on the setup used). More
specifically, the cooling source was in contact with the polymer through a 6 cm long SS
cylinder. Here, cooling the polymer through such a highly conductive material as SS (kss =
15 W/m.K) [143], which removed the heat from the polymer melt very effectively, energized
the instabilities of the advancing precursor films, thus leading to formation of terminating
nanolayers of smaller profiles at lower cooling temperatures. It is also worthwhile to mention
that the samples processed in ambient conditions (24+1 °C) without the SS cylinder on top
(i.e., cooling was carried out by convection through non-flowing air), possessed more of a
flat sheet-like nanolayer on top of the base nanopillars (see Appendix B for typical SEM

images). That is, it was the effective cooling through the top via the SS cylinder, which
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‘excited’ the instabilities of the advancing polymer precursor film, thus allowing control over

the topography of the fluffy terminating nanostructure at the tip of the nanopillars.

5.3.2 Adhesion of Teflon AF nanopillars

To investigate the adhesive properties of the bi-level Teflon AF nanopillars of distinct
geometrical properties (samples A—D; Table 5.1), indentation tests were carried out. A
characteristic indentation test consisted of pressing a hemispherical fused silica probe (8 mm
in diameter) on a sample surface until the normal force reached the desired preload.
Following the loading, the probe was pulled up until it completely detached from the sample

(unloading). Typical adhesion traces (force vs. displacement) are cited in Appendix B.

The maximum of the normal force detected upon detaching the probe from the samples (the
so-called pull-off force) was used to determine their adhesive ability. The pull-off forces
detected for flat control samples were expectedly negligible (typically, 0.04+0.02 mN), while
they were also independent of the applied preload [29]. The low adhesion of flat Teflon AF
samples to the fused silica probe as well as its preload-independency were due to the very
small actual area of contact because of the high Young's modulus of the polymer (1.6 GPa)
[6,25,29,67]. However, significant pull-off forces were detected for bi-level Teflon AF
nanopillars of special geometrical properties. The absolute values of the measured pull-off

forces and the corresponding adhesion strengths (i.e., pull-off force per unit surface area),
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achieved under various nominal preloads of 5, 10, 25, and 50 mN for nanopillars of various

topographical properties (samples A—D), are plotted in Figures 5.4.A and 5.4.B, respectively.

Conventional analysis of the adhesion developed via contact electrification, as the dominant
adhesion mechanism in the current system, requires some simplifying assumptions regarding
the geometry of the contact. Specifically, to analyze the adhesion in the contact of the fused
silica probe and Teflon AF nanopillars charged via CE, the geometry of the system needs to
be simplified by considering the two surfaces as two infinite parallel plates; this
simplification was applied to the current system as the separation distance (typically <5 um)
was much smaller than the radius of curvature of the probe (8§ mm) and the diameter of the
contact area (160-600 um) [32,107]. Doing so, the pull-off force (Fpui.op) generated upon
detachment of the probe from the nanopillars can be calculated by Equation 2.14. One should
bear in mind that Equation 2.14 is approximate in the sense that it considers no deformation
at the surface, and equal and uniform charges over both surfaces. Even so, Equation 2.14
clearly demonstrates that the achieved pull-off force in the current electrostatically-charged
system is directly proportional to the — actual — area of contact, and dependent on the power
of two of the surface charge density. The influence of the contact area on adhesive properties
of Teflon AF nanopillars will be fully discussed shortly. However, the role of the latter factor
(i.e., surface charge density) will not be analyzed since measuring the surface charge density
in the current system is not feasible and, even if possible, it would have a high degree of

uncertainty (error), hence inaccuracy.
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Returning to Figure 5.4.B, it can be seen that sample A (processed at 7¢ = —20 °C) showed
very good performance at the lowest applied preload, while beyond that, its efficiency
declined considerably. As speculated from the AFM tests and also later evidenced from
analysis of the penetration depth of the probe into Teflon AF nanopillars (see Appendix B),
sample A had a much softer structure in comparison to other samples. In fact, the very soft
structure of sample A led to its efficient performance at the lowest applied preload of 5 mN
(where it reached the adhesion strength of ~0.8 N/cm?). However, it seems that the
deformation of the small and soft nanostructure of this sample considerably limited its
efficiency under higher pressures (see Figure 5.4.B) [19,53,87]. Typically, in case of fibrillar
adhesives, there is a specific preload (the so-called saturation preload) beyond which the
efficiency of the dry adhesive starts to decline, because of the reduction in the actual area of
contact due to the elevated chance of deformation [19,53,87]. In the case of the electrostatic-
based adhesion of the bi-level Teflon AF nanopillars, enhancing the applied load increased
the area of contact (see Appendix B), which should have led to much larger pull-off forces at
elevated preloads [122]. However, as the soft terminating nanostructure of sample A was
vulnerable to deformation under larger pressures, it appears that the performance of sample A
weakened at preloads larger than 5 mN because of the decline in the actual area of contact

under elevated preloads [19,53,87].

Nonetheless, Figure 5.4.A indicates the superlative performance of both samples B and C
(processed at Tc = 0 and 20 °C, respectively); having a relatively more robust terminating

nanostructure with larger available area of contact in comparison to sample A (see Table 5.1
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and Figure 5.3), samples B and C reached very large pull-off forces even at the higher

applied preloads [52,56].
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Figure 5.4. Indentation test results. (A) Pull-off force values generated under different preloads
(nominally 5, 10, 25, and 50 mN) for bi-level Teflon AF nanopillars processed at various cooling
temperatures of -20, 0, 20, and 40 °C (samples A, B, C, and D, respectively). (B) The maximum achieved
adhesion strength (pull-off force per unit surface area) at various preloads for samples A-D.

In particular, sample B reached the remarkable adhesion strength of ~1.9 N/cm® under the
applied preload of 25 mN, while its adhesion strength showed a decline at the highest preload
of 50 mN. On the other hand, it seems that in the applied preload range of 5-50 mN, sample
C with a relatively denser and more robust fluffy nanolayer, had not reached the saturation
preload and, astonishingly, achieved the superior adhesion strength of ~2.1 N/cm? (pull-off

force = 8.6 mN) at 50 mN preload. Recalling the highest normal adhesion strength that bi-
123



level Teflon AF nanopillars are achieved thus far (i.e., 1.6 N/cm™) (see Chapter 4), it can be
seen that both samples B and C has performed very effectively in generating strong adhesion

forces in normal direction.

However, for the Teflon AF nanopillars of sample D (processed at 7¢ = 40 °C), negligible
pull-off forces were detected under all applied preloads (see Figure 5.4.A). Basically, the
advantage of film-terminated fibrillar interfaces over singular fibrillar ones arises from their
relatively more robust structure with an enhanced actual area of contact [52,56]. Although
these properties contributed toward the striking performance of samples B and C, as
discussed earlier, it seems that the denser and, therefore, tougher terminating nanostructure of
sample D negatively affected its performance; that is, due to the very rigid structure of the
terminating nanolayer of sample D (see Appendix B), its efficient conformal contact with the
probe was not feasible, thus leading to the very small adhesion strengths of sample D under

all applied preloads (see Figure 5.4.B).

5.3.3 Friction of Teflon AF nanopillars

The next series of tests were load-drag-pull (LDP) tests which were performed to study the
frictional properties of bi-level Teflon AF nanopillars of distinct geometrical properties
(samples A—D; Table 5.1). In a typical LDP test, the same fused silica probe used in
indentation tests was pressed on a sample surface (loading step) until the normal force

reached the required preload value of nominally 5, 10, 17.5, and 25 mN. While keeping the
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normal force identical to the applied preload, the probe was subsequently dragged over the
sample for a 500 um distance (dragging step). At the end of the dragging track, the probe was
instantaneously moved upwards (unloading step) until it completely detached from the
surface. The characteristic friction traces (force vs. time) from LDP tests on Teflon AF
nanopillars (sample B, processed at 7 = 0 °C) as well as on a flat control sample are plotted

in Figure 5.5.A.

5.3.3.1 Dragging step

At the start of the dragging step (in the case of bi-level Teflon AF nanopillars), a rapid
substantial decrease in the absolute value of the normal force was detected (see Figure
5.5.A). In fact, the superior compliance of Teflon AF nanopillars in the lateral direction, in
comparison to that in the normal direction, resulted in the release and, consequently, a sharp
decline in the absolute value of the normal force at the start of the dragging step [68,69].
However, following the drop in the loading force, the normal force was gradually restored
back to the original preload as the LDP instrument was operating in the constant-force mode
(see Figure 5.5.A). Passing the onset of the dragging and throughout the rest of the dragging
path, the friction force fluctuated in a periodic manner due to the characteristic "stick-slip"
phenomenon [107,140]. In general, the stick-slip occurs when the adhesive forces surpass the
applied lateral force, leading to periodic oscillations of the measured friction force in the
course of dragging [107,140]. That is, the adhesion of Teflon AF to the fused silica probe led
to a limited local enhancement in the friction force, which was released shortly after the

probe moved further across the surface. Finally, it is worthwhile mentioning that the stronger
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adhesion of Teflon AF nanopillars in comparison to that of the flat control samples resulted
in significantly more pronounced stick-slip behavior of Teflon AF nanopillars, as is evident

in Figure 5.5.A.
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Figure 5.5. LDP test results. (A) Characteristic friction traces (force vs. time) for bi-level Teflon AF
nanopillars (sample B; processed at 7 = 0 °C) and a flat control sample; the normal force (F;) and the
friction force (F,) changes are shown from ~10 s before the start of dragging to ~10 s after the unloading
at a nominal applied preload of 17.5 mN. (B) Shear strength (friction force per unit surface area) at the
start of the dragging step in LDP tests for the flat control samples and bi-level Teflon AF nanopillars
processed at various cooling temperatures of -20, 0, 20, and 40 °C (samples A, B, C, and D, respectively)
under nominal preloads of 5, 10, 17.5, and 25 mN.

Returning to the onset of the dragging step, as the decisive spot indicative of the static

frictional properties of a dry adhesive, the shear strengths (i.e., friction force per unit surface
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area) for bi-level Teflon AF nanopillars (samples A-D) as well as for flat control samples
were calculated (Figure 5.5.B). In general and with regard to an effective dry adhesive
resembling the frictional adhesion of a gecko toe pad [7], one expects very large shear
strengths, higher than the adhesion strength, which assists the strong shear attachment (yet

yields easy normal detachment) [90].

As illustrated in Figure 5.5.B, the shear strength developed by flat control samples was
almost constant (~5.3 N/cm?), independent of the applied preload. In general, the friction
force (Fy) measured in a LDP test is affected by both adhesive and frictional properties of the
surface. In other words, Fy = S + uF. [6], where S is the effective shear coefficient, u is the
Coulomb friction coefficient, and F is the applied normal force. In fact, the former term (S)
is relying on the interfacial adhesion demonstrating the shear performance of the surface,
whereas the latter one (dry friction, uF’) signifies the load-dependent friction force, which
depends on the properties of the bulk material. In this perspective, the shear strength
represented in Figure 5.5.B can be defined as Fi/acon = S/acon + tF-/acon, Where a.,, is the
apparent area of contact. In the case of flat Teflon AF, the first term of the so-called
"effective shear strength" (z = S/a..,) is almost zero, because of the rigidity of Teflon AF
(Young's modulus = 1.6 GPa) [25] and the negligible actual area of contact [6,67]. On the
other hand, the second term (uF./a..,) for the flat Teflon AF is constant (~5.3 N/cmz), since
the coefficient of friction is constant (~0.35 for Teflon AF), while the contact area (a..,) is a

linear function of the normal force () [29]. Otherwise stated, the shear strength measured
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for flat Teflon AF was independent of the applied preload (Figure 5.5.B) since the adhesive

properties of flat Teflon AF were not changing with the applied preload [6,67].

However, the shear strengths detected for bi-level Teflon AF nanopillars were significant and
preload dependent. For instance, the achieved shear strength for sample A (processed at T¢ =
—20 °C) at the smallest applied preload was limited and comparable to that of the flat control
samples. Unlike the flat control samples, it showed an increasing trend as the preload was
enhanced (Figure 5.5.B). In fact, under larger preloads, the area of contact was larger, which
led to enhanced electrostatic interactions [107,122]. Teflon AF nanopillars of sample A
achieved elevated shear strengths under elevated preloads in that electrostatic interactions
(being the major source of adhesion in their contact with the fused silica probe), are an
increasing function of the preload. It should be mentioned that not only sample A, but also
the rest of the bi-level Teflon AF nanopillars (samples B-D) showed an increasing behavior
by enhancing the applied normal force (Figure 5.5.B). However, only for sample A and B,
beyond the applied preload of 17.5 mN, did the achieved shear strength slightly decline. The
maximum achieved shear strength for sample A and B was ~7.6 and 13.0 N/ecm’
respectively, which both were achieved at the applied preload of 17.5 mN. As already
mentioned, for a fibrillar interface, having inferior efficiency beyond a specific preload (the

so-called saturation preload) is typical [19,53,87].

Even though sample B also showed the same shear strength saturation as sample A, the

denser and more robust terminating nanostructure of sample B has led to its superior shear
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strengths (under all preloads) in comparison to sample A [29]. In a broader perspective, the
variations in the shear strengths of the fabricated nanopillars (see Figure 5.5.B) were only
coming from the difference in their effective shear strength (7) in that the friction term
(uF-/acn) was necessarily independent of the applied preload. In this regard, the superior
shear performance of sample B, which reached the very high shear strength value of 13.0
N/em®, was attributed to the better adhesive properties of this sample in comparison to those
of sample A with smaller actual area of contact and significantly softer terminating
nanostructure. Even though the achieved adhesion strength of ~13.0 N/em? for sample B was
smaller than the remarkable adhesion strength value of ~17.0 N/cm® which we reported
previously for bi-level Teflon AF nanopillars of special geometrical properties (see Chapter

4), the shear performance of sample B was still significant!

As illustrated in Figure 5.5.A, the next two samples (samples C and D, processed at 7¢ = 20
and 40 °C, respectively) did not show the sign of preload saturation up to the highest applied
preload, in fact due to their relatively denser and, hence, stronger fibrillar structure (see Table
5.1). Even so, under most applied preloads, the performance of these two samples (C and D)
was not as striking as that of sample B. This ineffectiveness, which was more pronounced
under lower loads, was attributed to their relatively tougher terminating nanostructure which
can cause a decrease in compliance under low preloads [29]. However, having the same
preload-dependent efficiency as other samples, samples C and D reached remarkable shear
strength values under elevated preloads. For instance, sample C reached the quite significant

shear strength of ~12.7 N/cm?” under the nominal preload of 25 mN.
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Actually, the efficient and preload-dependent friction of bi-level Teflon AF nanopillars
mainly arose from the alignment and compliance of the upper level, as was observed in SEM
images taken from the dragging area [23,29,90]. As representatively shown in Figure 5.6, the
top terminating nanostructure, as well as the base Teflon AF nanopillars, were entirely

aligned in the direction of dragging.

Figure 5.6. Typical SEM images taken after LDP tests carried out on bi-level Teflon AF nanopillars
(sample C; processed at Tc = 20 °C) at a nominal preload of 25 mN. The probe was dragged over the
nanopillars for a 500 zm distance with the constant speed of 10 gzm/s.

The alignment and compliance phenomenon, which was more pronounced under elevated
preloads, allowed the intimate contact of the bi-level Teflon AF nanopillars with the probe to
generate enhanced shear strengths, particularly under elevated preloads [23,29,90]. In
addition to the significant alignment of the nanopillars in the direction of dragging,
separation of electric charges in LDP tests through the dragging step is more efficient in

comparison to that achieved in indentation tests [31], resulting in accumulation of electric
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charges at the interface in LDP tests. In fact, both the alignment phenomenon and effective
charge separation through dragging led to the superior performance of bi-level Teflon AF
nanopillars in the shear direction in comparison to that in the normal direction (compare
Figure 5.4.B with Figure 5.5.B), which is an important advantage for an effective dry
adhesive of tailored properties [23,29,90]. That is, the strengths achieved in LDP tests were
much larger than those acquired in indentation tests (compare Figure 5.4.B with Figure
5.5.B), which is favorable in the sense that it results in strong shear binding yet easy normal

detachment, thus resembling the frictional adhesion of a gecko foot pad [7,23,29,90].

5.3.3.2 Unloading step

As represented for sample B in Figure 5.5.A, at the end of the dragging course and upon
unloading the probe from the Teflon AF nanopillars, the absolute value of the normal force
increased substantially in a few sudden steps. The rapid increase(s) in the normal force,
observed upon unloading the fused silica probe from the bi-level Teflon AF nanopillars in the
LDP tests, led to lower pull-off forces for almost all samples in comparison to those achieved

in the indentation tests (see Appendix B).

In the representative case of sample B (see Figure 5.5.A), it can be seen that even after ~5 s
after the start of unloading, the friction force (F,) was still constant. However, at a ~5 um
displacement in the normal direction (i.e., 5 s after the start of the unloading step), the

absolute value of the normal force (F.) suddenly jumped up. The sudden overshoot in the
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absolute value of the normal force must be because of backflow of electric charges, which
accumulated extensively throughout the dragging step, leading to a rapid decline in the
adhesion force [31-33]. In general, if the charge densities at two surfaces charged via CE
become so high, an electrical breakdown would occur upon their separation across the
separating gap, leading to backflow of charges to the original surface [31-33]. However,
when the separating gap between the two surfaces is smaller than the mean free path of the
electrons in the separating medium (e.g., 0.5 um for air), discharge will not happen. But,
once the separation distance reaches micrometer dimensions, backflow takes place as some
of the initiatory electrons are amplified by ionizing collisions with the molecules of the

separating medium [32].

As exemplified in Figure 5.5.A, prior to the first drop in the adhesion force, the friction force
was almost constant, as the electrostatic force is independent of distance at these length
scales [107], while beyond the first drop, the friction force started to decline. Even though
measuring the surface charge density throughout the LDP tests was not practically feasible,
as discussed earlier, it seems that when the separating gap reached a specific distance, a
partial discharge occurred across the separating medium, which led to a sudden drop in the
adhesion force and, consequently, a sharp increase in the absolute value of the normal force
[31-33]. However, in a way similar to the few studies reported previously on the effect of
surface discharge on the adhesion force [31-33], 1-2 more declines in the measured adhesion
force and, in turn, drops in the absolute value of the normal force, were observed throughout

the rest of the unloading step. These multiple (i.e., 1 to 3) drops in the adhesion force resulted
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in detecting lower pull-off forces in the LDP tests (see Appendix B for the pull-off force
values measured in LDP tests) in comparison to those measured in indentation tests [31-33].
In general, backflow of electric charges, which in the extreme case may give rise to
formation of sparks at the contact zone, would lower the final charge density at the surface
and, as a result, the amount of the adhesion force generated between the two surfaces charged

via CE [31-33].

5.4 Summary

In this chapter, it has been shown how the height of the fabricated nanopillars as well as the
topography of the nanostructure terminating the nanopillars at the tip were simultaneously
controlled, by applying a novel fabrication method consisting of the simultaneous heating
and cooling of the Teflon AF melt filling vertically-aligned AAO nanochannels. Using this
method, bi-level Teflon AF nanopillars of constant height, yet various geometrical properties,
were prepared. The changes in the structural and topographical properties of the fabricated
dry adhesives were characterized by SEM and AFM imaging as well as by water contact
angle measurement tests. Changes in the robustness and surface area available for contact, as
achieved by changes in the topographical properties of the top terminating nanostructure, led
to significant variations in the adhesive and frictional properties of the fabricated nanopillars,
which were investigated further by indentation and friction tests. Indentation and friction test
results revealed that the fabricated electrostatic-based dry adhesives can generate enhanced

adhesion and friction strengths, up to ~2.1 and 13 N/cm?, respectively. The unique structural
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properties of bi-level Teflon AF nanopillars as well as their remarkable adhesion strengths in
both the normal and shear direction make them an ideal candidate for robotic and medical
applications. Moreover, the better understanding of the electrostatic-based adhesion of the
fabricated dry adhesive can also shed more light on interfacial interactions of other synthetic
dry adhesives, which — similar to bi-level Teflon AF nanopillars — may also be affected by

electrostatic interactions developed via surface charging [122].
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Chapter 6. Polymeric Bio-inspired Dry Adhesives: van der Waals or

Electrostatic Interactions?

6.1 Introduction

The decisive influence of CE on adhesive properties of synthetic dry adhesives (SDAs) has
been discussed in detail in Chapters 3 to 5, in studies of the performance of bi-level Teflon
AF nanopillars. Bi-level Teflon AF nanopillars consisted of extremely high aspect-ratio (AR)
nanopillars (200 nm in diameter; up to 45 um tall) with a fluffy nanolayer of the same
material on top. Teflon AF, which was used for fabrication of these bi-level nanopillars, has a
very low surface energy of 15.7 mJ/m? [25]. In fact, the very low surface energy of Teflon
AF, which is usual for a fluoropolymer, is limiting its vdW interactions upon contact, as
discussed in the previous chapters. Although Teflon AF is not a proficient vdW interaction
generator, like other fluoropolymers, it is able to trap electric charges at its surface upon
contact. In addition to its charge trapping characteristic, the charges developed at the surface
of Teflon AF cannot transfer into its matrix because of the insulating nature of the polymer,
which can be determined from its very low dielectric constant (eze0n 4 = 1.93, the lowest

among any known solid organic polymers) [25].

Having the special electrical properties of the applied polymer in mind, extremely high AR
nanopillars with a fluffy nanostructure on top were fabricated, as an electrostatic-based dry
adhesive. As discussed in Chapters 3 to 5, the exceptional geometrical properties of bi-level

Teflon AF nanopillars made possible the development of an intimate contact with a fused
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silica hemisphere (6—8 mm in diameter), which was used as a positively polarizable substrate
in adhesion tests. With an intimate contact, efficient charge separation via CE at the interface
between bi-level Teflon AF nanopillars and the fused silica probe was obtained. The efficient
surface charging in this manner allowed the generation of large electrostatic interactions
between Teflon AF nanopillars and the probe, resulting in remarkable normal and shear
adhesion strengths (up to ~2.1 and 17 N/cm?, respectively), even larger than those of a gecko

foot pad (1 and 10 N/em?, respectively) [2].

In this chapter, the possible influence of surface charging on the adhesive behavior of
polymeric SDAs, in general, will be discussed. To do so, significant attention will be paid to
the largely neglected electrostatic interactions in adhesion of bi-level Teflon AF nanopillars
(as the only so far reported SDA which mainly works based on electrostatic forces). Then,
several examples will be given from other SDAs reported in the literature, where surface
charging could have played a significant role while its impact was neglected, and their

adhesion performance will be discussed accordingly.

6.2 Dry adhesives: van der Waals vs. electrostatic interactions

Amongst various animals and insects which have been used as the prototype in fabrication of
SDAs, geckos have indeed received the most attention [15-18,22]. The superior adhesive
ability of geckos has been related to the micro/nanoscale hierarchical structure of their foot

pads, allowing them to adhere to almost any surface via the weak yet universal vdW forces
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[2-5,9,11,80,95,96]. More specifically, it has been argued that vdW interactions loosely
adhere each fibril of the toe pads to the substrate that the animal is walking on or clinging to
[3]. Although the interaction force generated at the tip of each fibril is very small, the total
interaction force generated by the large number of fibrils is very large [2,3], leading to a
strong adhesion force at the interface between the substrate and the animal toe pads. It is
worthwhile to mention that geckos are the biggest animals with the densest fibril packing of
foot pads (~14000 fibrils/mm?) [3], which use the dry adhesion mechanism for their

locomotion [88,144].

With reference to the gecko's dry adhesion mechanism, the adhesion performance of SDAs
has been analyzed based on the idea that relatively short-range vdW forces are the most
dominant forces ruling the adhesion of dry adhesives [15-18,22]. Even so, one knows that
upon contact of any two surfaces, electric charges also separate — up to a certain amount —
across the interface between the substrates [30,31,34,37,106], resulting in formation of
electrostatic interactions between them [29,32,33,38]. Although occurrence of surface
charging is common and it can have a significant impact on interfacial interactions, as
discussed in subsections 2.3.2 and 2.3.3, the contribution of CE-driven electrostatic

interactions has been conventionally ruled out in design and analysis of SDAs.

6.2.1 Bi-level Teflon AF nanopillars
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Regardless of the lack of attention to CE and the crucial role it might have in adhesive
behavior of bio-inspired dry adhesives, as discussed in Chapters 3 to 5, we have succeeded in
fabricating a dry adhesive, which mainly relies on electrostatic interactions developed
through surface charging [29,38,97]. The polymer used for fabrication of the electrostatic-
based dry adhesive was a fluoropolymer of remarkably low surface energy (i.e., Teflon AF
with surface energy of 15.7 mJ/m®) [25]. As a matter of fact, the very low surface energy of
Teflon AF (which is typical for a fluoropolymer) does not allow the polymer to generate
efficient vdW interactions at its surface. For instance, the vdW-driven adhesion force which
can be obtained upon intimate contact between Teflon AF and a — 8§ mm in diameter — fused
silica hemisphere is only about 1.14 or 1.06 mN, according to Hamaker and JKR theories,

respectively (see Chapter 4).

Even though Teflon AF is not an efficient vdW interaction generator, this polymer, as a
fluoropolymer, has a tendency to become highly charged at its surface upon contact, allowing
that to generate -electrostatic interactions through CE. However, generating strong
electrostatic interactions by trapping large amounts of electric charges at the surface of any
material, including Teflon AF, requires that the surface comes into an intimate contact with
the substrate touching that. In this regard, extremely high AR nanopillars (200 nm in
diameter) with a unique fluffy nanostructure on top were developed on Teflon AF. Applying
a novel fabrication technique, base nanopillars were terminated at the tip with an exceptional
fluffy nanostructure of the same material. The special geometrical properties of bi-level

Teflon AF nanopillars allowed the formation of the intimate contact which is necessary for
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the occurrence of efficient surface charging. Doing so, bi-level Teflon AF nanopillars of 80
um height, for instance, succeeded in generating pull-off forces as large as 100 mN, which is
almost 100 times larger than those obtainable through vdW interactions. Upon contact of
Teflon AF nanopillars with the adhesion testing probe, electric charges transferred across the
contact interface. The transfer of electric charges was followed by separation of some
charges between the dry adhesive and the probe upon their detachment. Eventually,
separation of electric charges at the interface led to strong electrostatic interactions and

therefore, large adhesion forces between the nanopillars and the probe.

In addition to the surprisingly large magnitude of the developed pull-off forces, what is also
very important in the adhesive behavior of Teflon AF nanopillars is the trend of changes of
pull-off forces that were generated by varying the applied load on the dry adhesive. More
specifically, it was observed that by increasing the applied load, adhesion forces achieved by
the fabricated dry adhesive increased almost linearly (see Figure 4.1). The load-dependent
behavior in contact of bi-level Teflon AF nanopillars was anticipated, since load-dependency
is a common behavior for an electrostatic-based system. To be more specific, according to
the simple capacitor model (subsection 2.3.2.2; Equation 2.14), increasing the area of contact
should lead to a linear enhancement in the electrostatic interaction force that a surface can
develop via surface charging. Hence, in case of the contact between bi-level Teflon AF
nanopillars and the adhesion testing probe, it was observed that by increasing the applied
load (which increased almost linearly the apparent area of contact), the pull-off force

obtained by the dry adhesive increased linearly as well.
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As a matter of fact, adhesion of bi-level Teflon AF nanopillars encompasses the two main
trademarks of electrostatic-based systems, which are large pull-off forces plus area-
dependency of their adhesion, as described in detail in subsection 2.3.3. However, it should
be noted that the dry adhesive fabricated from Teflon AF is not the only one of its kind
showing such behavior in adhesion tests. There are other SDAs which have shown the same
characteristics (i.e., large pull-off forces plus area-dependency of adhesive performance) in
their adhesion tests [8,54-57,63,145-148]. In the literature, this seemingly irregular behavior
of namely vdW-based dry adhesives, which do not conform to the general traits of a vdW-
based system (see subsections 2.3.2 and 2.3.3), has been explained by theories that will be

briefly discussed in the next subsection.

6.2.2 van der Waals-driven adhesion of dry adhesives

Conventionally, it has been assumed that adhesion of SDAs comes from vdW interactions.
Even so, it has also been reported that some dry adhesives can generate extremely large
adhesion forces beyond the limits of vdW forces [53,57,63,147]. These unusually large
adhesion forces generated by several dry adhesives were explained by the so-called "contact
splitting" theory [8]. To look into the details of this model, the characteristic contact between
a hemisphere of radius R and a flat surface needs to be considered. The magnitude of the
adhesion force between the hemisphere probe and the flat surface (F,sw) can simply be

determined by the JKR model (Equation 2.12), by considering the vdW forces as the only
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dominant interfacial forces at the contact zone. Now, assuming that the flat surface is split up
into n sub-surfaces (i.e., pillars), each with radius of R*/n (self-similar scaling), it can be
considered that each pillar is acting as an individual substrate. Doing so, the total adhesion
force (Fyuiop) obtainable by the pillars would be larger than that expected from the JKR

model for the flat surface (i.e., Fyaw), and its magnitude can be estimated from [8]

Fyputl —off = V1 Fyaw
Equation 6.1

Equation 6.1 simply describes how a fibrillar pattern with a large number of contacts (n) can
lead to an increase in the observed adhesion force in comparison to the corresponding flat

surface.

Besides the contact splitting approach, the superior adhesion of fibrillar structures in
comparison to that of flat surfaces has also been explained by comparing the adhesive
behavior of SDAs with that of regular pressure-sensitive adhesives (PSAs), such as Scotch
tapes [80]. It is known that PSAs can generate comparatively large adhesion forces because
of the large effective work of adhesion (y.;) which they can generate upon contact,
outperforming the vdW-driven interface energy (y) [80]. The large obtainable effective work
of adhesion by PSAs is mostly — but not solely — due to the chance of elongation of the soft
polymeric layer of PSAs, which allows the development of long-range interactions with the
contacted substrate (see Figure 6.1.A). The developed long-range interactions from stretching

of the polymeric strings of the PSA basically result in the enhancement of the crack
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propagation energy and eventually, the development of large effective interfacial energies

(7en) [80].

Figure 6.1. (A) Breaking an adhesion junction between a PSA and a hard solid substrate. The stretching
of the soft polymeric layer of the PSA allows the formation of long-range interactions between the
adhesive and the substrate, leading to generation of an effective work of adhesion (y.;), much larger than
that obtainable solely through vdW interactions (i.e., ). (B) Detachement of a fibrillar dry adhesive from
a hard solid substrate. Resembling the soft feature of PSAs, stretching of the fibers of the fibrillar
adhesive leads to developement of extremly large effective work of adhesion (y.;) by the dry adhesive,
significantly outperforming the adhesion forces attainable through vdW interactions (i.e., y.+» y) [80].

Resembling the adhesive behavior of PSAs, the dry adhesion of fibrillar adhesives has also
been related to the elongation of their fibrils upon detachment (Figure 6.1.B), leading to
strong adhesion forces that an effective dry adhesive can generate [80,95]. When a substrate
is brought into contact with a dry adhesive, the dry adhesive fibrils bend and deform —
elastically — to conform to the surface of substrate in contact. Doing so, a certain amount of
energy would be stored in the fibrils. The strain energy gained by fibrils basically becomes
part of the "cohesive energy" of the system, which would be dissipated throughout dynamic
debonding of the substrate from the dry adhesive. Put otherwise, each fibril on the dry
adhesive behaves as a long-range cohesive bond (see Figure 6.1.B). Having the ability to

develop long-range interactions, it has been developed that an effective fibrillar dry adhesive
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can generate an effective work of adhesion (y.;) much larger than the vdW-driven interface

energy (y) [80,95].

In addition to the unusually strong adhesion, another deviation in behavior of namely vdW-
based SDAs from the general concepts of vdW interactions has also been observed. In
particular, it was reported that the pull-off forces obtained by some dry adhesives showed an
improving trend by increasing the area of contact [8,54-57,63,145-148]. The best
representative example in this connection is certainly the single-/multi-level milli-/micro-

pillars fabricated from PU by Murphy et al. [63] (see Figure 6.2).

Doublelevel
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Figure 6.2. SEM images of fibrillar structures fabricated from PU. (A) Single-level micro-pillars; (B)

Single-level macro-pillars; (C) Double-level pillars. (D) Pull-off forces vs. preload for various fibrillar
patterns as well as for flat control samples [63].
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The adhesion performance of their various samples as well as that of the flat control samples
were studied by indentation tests, using a 12 mm diameter glass hemisphere as adhesion
testing probe. As illustrated in Figure 6.2.D, it was observed that the magnitude of the pull-
off force, which the fibrillar patterns could generate at higher preloads (where the area of

contact is larger), was larger than what they could generate at smaller preloads [63].

As discussed in subsections 2.3.1 and 2.3.3, it is expected from any vdW-based system, like
the SDAs shown in Figure 6.2, that the adhesion force generated be independent of the area
of contact, and accordingly independent of the applied preload. The improved performance
of dry adhesives, in general, can be explained in line with the contact splitting model which
was described earlier in this subsection. More specifically, according to the contact splitting
model, the adhesion forces obtainable under elevated preloads should be larger in that, under
larger preloads, the number of pillars in contact (i.e., n) is higher. For instance, considering
that under a preload fi, the number of pillars in contact is n;, then, the obtainable pull-off
force between the dry adhesive and the hemispherical probe (Fuo) would be equal to
(m)"*(F,aw). However, if the preload is raised to f> (f2 > f1), then the number of pillars in
contact would be n,, which is larger than n; (i.e., n» > n;). Being so, the obtainable pull-off
force in the latter case would be equal to (nz)l/ *(Fyaw), which is larger than the pull-off force
obtained under the smaller preload fi (i.e., (1)"*(F,aw)). In general, the contact splitting
model simply indicates that by having a larger number of pillars in contact under elevated

preloads, the adhesion force obtainable by a dry adhesive would be accordingly larger. This
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is more or less the way that improved performance of dry adhesives is described in the

literature.

To this end, surpassing the vdW limits of adhesion by fibrillar adhesives as well as the
improvement of their performance under elevated preloads were briefly discussed according
to existing theories which are conventionally based on mechanics and the geometry of the
system. However, it is worthwhile recalling that these two types of behavior of SDAs, which
have been repeatedly observed in adhesion tests on polymeric dry adhesives [8,54-57,63,145-
148], are basically the trademarks of electrostatic-based systems. So, knowing that polymeric
SDAs are naturally efficient electric charge trappers, as discussed earlier, is it not reasonable
to state that the large adhesion and load-dependency in adhesive behavior of SDAs can be —
partly, or even entirely — due to their surface charging upon contact? This is the question

which will be addressed in the following subsection.

6.2.3 Bio-inspired dry adhesives and contact electrification

How does each fibril of a polymeric dry adhesive adhere to the substrate in contact? To this
day, this question is always answered by "vdW forces". But then, why is the effect of
"electrostatic forces" which can be generated through surface charging normally neglected in
analyzing the bonding of dry adhesive fibrils? One of the main reasons for ignoring the effect
of CE in these systems is perhaps the common perception that "the amount of charges which

may develop upon contact is very small and so, the effect of surface charging on interfacial
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interactions is negligible". As a matter of fact, the first part of this broad assumption is
somehow correct! For instance, if nonconductive polymers, which are used in fabrication of
SDAs, are brought into contact with another material (and even themselves), typically,
surface charge densities in the range of 10°-10~ C/m* develops over their surface (see Table
6.1). Certainly, the reported surface charge densities, which are basically equivalent to 1
electric charge per 12-127 nm’, are very small. However, what is wrong about the
abovementioned statement is that "the effect of surface charging on interfacial interactions of
SDAs is NOT negligible". In fact, what has not been taken into consideration in observing
the effect of CE on interfacial interactions of SDAs is the fact that formation of strong
electrostatic interactions via surface charging, in general, does not necessarily require large
amounts of charges to separate upon contact. For instance, the surface charge densities which
developed the surprisingly large adhesion strengths of 6.6-8.8 J/m? between silica and mica
in the Horn and Smith [32] experiments were only 5-20x10~ C/m” (~1 electric charge per 8
to 32 nm?) [32]. So, observing that polymers which have been commonly used in fabrication
of dry adhesives can obtain charge densities, more or less, in the same scale (see Table 6.1),
it is expected that electrostatic interactions — coming from surface charging — have a much

larger impact on the interfacial interactions of polymeric SDAs.
As a matter of fact, although the reported charge densities for polymeric materials (i.e.,

10°-10° C/m®) seem small, they are still large enough to generate values of work of

adhesion as large as 0.56 mN/cm? to 5.6 N/cm?, according to Equation 2.14.
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Table 6.1. Surface charge density for various insulating materials. The numbers cited show the net
surface charge densities reported in the literature, while it is expected that local charge densities — even 3
orders of magnitude — larger than these values are formed in micro-/nano-sized domains. The net surface
charge density that an insulator can acquire upon contact is typically in the range of 10~ to 107 C/m’.
However, in cases where surface charging is present through vigorous rubbing, surface charge densities
even in the order of 10’ C/m’ can be obtained [122].

Material Substrate Type of contact Sign of charge Chal[“ge:;]n sty
PDMS Intimate-sliding +/— 0.5 x107
PDMS Intimate +/— ~0.5x107
PDMS Intimate, in argon +/— 0.5x107
PDMS Intimate, in air +/— 0.3x10™
PTFE Intimate-sliding + 0.1x10™"
PDMS PTFE Intimate + ~0.8x107
PC Intimate-sliding — 0.2x10™
PC Intimate — ~0.2x10
PVC Intimate Not indicated ~0.7x10™
Stainless Steel Intimate Not indicated ~0.6x10*
Silicon wafer Intimate + ~0.25x10"
PDMS Intimate-sliding + 0.2x10™"
PC PDMS Intimate + ~0.2x10™"
Various metals Rolling +/— 0.1-1x107
Polyethylene (PE) Mercury Intimate — 0.1x107-0.2x10~
PP PP Intimate +/— 0.2x107
PS PS Intimate +/— 0.94x10'5 .
Mercury Intimate — 0.3x107-0.3x10
PVC PVC Intimate +/— 0.3-0.9x107
PTFE Intimate-sliding + 0.2x10™
PTFE Intimate +/— 0.5x107
PDMS Intimate-sliding - 1.0x107
PDMS Intimate - ~0.8x10”
PTFE (Teflon) Nylon 6-6 Sliding - 0.2x10"
(polyamide)
PVC Intimate-sliding — 0.2x10™
PMMA Rubbing — ~0.1x10"
Mercury Intimate — ~1.0x10"
Teflon AF Fused silica Rubbing — ~0.8x10°
Stainless Steel Rolling + 0.3x10™
Stainless Steel Intimate + 0.1x10°
Glass Gold Intimate + 1.0x10™
Aluminum Intimate + 0.1x107
Graphite Intimate + 0.15x107

*SAM: Self-assembled monolayer
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The achievable adhesion strengths through surface charging over polymers are actually very
large, given that they are even comparable to the surprisingly large adhesion strengths that
gecko foot pads can generate (i.e., 1 and 10 N/cm® in normal and shear directions,
respectively) [2]. So, it is neither logical nor practical to simply exclude the effect of surface
charging in the analysis and design of dry adhesives, particularly those made from non-

conductive polymers.

As already mentioned, polymers which are employed for fabrication of SDAs can acquire
typical surface charge densities in the range of 10° to 10° C/m? (see Table 6.1). However, it
should be noted that using (rather blindly) the reported charge density values for analyzing
the adhesion of SDAs might not be such a good idea. The reported charge densities in Table
6.1 are only reflecting the magnitude of the net surface charge densities but not the local
charge densities, which can be even much larger than the cited numbers [35]. In other words,
it is known that in contact between two surfaces, one surface develops a net negative charge
while the other acquires a net positive charge. However, surface charges developed through
CE over polymers are not distributed homogenously over the surface. In contrast, each
substrate supports a combination of both positive and negative charges, which are spatially
distributed in local regions of micro-/nano-scales (see subsection 2.3.2 for more details)
[35,49,106,124]. In fact, locally-charged micro-/nano-domains sustain much larger charge
densities (even 3 orders of magnitude larger) than the values reported throughout many years
as net surface charge densities [35], such as those detailed in Table 6.1. Hence, noting that

fibrillar structures have also been fabricated — more or less — in similar micro/nanoscales, one
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expects that local forces that each fibril (on a dry adhesive) is dealing with (because of large
local charge densities) should be even larger than the forces obtainable from electrostatic

interactions of flat substrates (again, see subsection 2.3.2 for details).

All in all, justifying the exclusion of CE in studies on adhesion of polymeric dry adhesives is
indeed more difficult than accepting its presence. But again, why, despite all these facts, have
surface charging (and the crucial impact it might have on contact of SDAs) been taken lightly
thus far? The answer to this question is certainly related to the shortcomings of both theory
and technique (as illustrated in subsection 2.3.2.4), which have "hidden" the occurrence of
CE and its consequences from scientists who are designing and analyzing bio-inspired dry
adhesives. So, maybe now it is time to look for both theoretical models and experimental
techniques to clarify further the undisputed occurrence of surface charging, and its influences

on performance of bio-inspired dry adhesives.

6.3 Summary

In this chapter, we set out to clarify an important question about polymeric bio-inspired dry
adhesives: Is adhesive performance due to van der Waals or electrostatic interactions? In
doing so, examples were given along with observed facts not only from the literature but also
from our recent work on bi-level Teflon AF nanopillars. It is evident from the literature at
large that the contributions of electrostatic interactions, which develop through surface

charging, have received little attention in the design and analysis of synthetic dry adhesives.
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This lack of attention is mostly due to the shortcomings in fundamental understanding of the
mechanism and properties of contact electrification over insulators (particularly non-
conductive polymers, which, paradoxically, have been widely used for fabrication of dry
adhesives). As a matter of fact, the main requirement for quantifying the occurrence of
surface charging over dry adhesives is an accurate apparatus which could measure the
amount of charges — that separate over fibrillar structures upon contact — in parallel to
changes in interfacial forces both through and after contact. Doing so, a theoretical model
which can accurately make a distinction between the contributions of van der Waals
interactions and those of electrostatic interactions coming from contact electrification may be

obtained.
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Chapter 7. Role of Contact Electrification and Electrostatic

Interactions in Gecko Adhesion

7.1 Introduction

Geckos, who are capable of walking on walls and hanging from ceilings with the help of
micro/nanoscale hierarchical fibrils (setae) on their toe pads [2,5], have become the prime
prototype in the design and fabrication of fibrillar dry adhesives [16,17]. Since the unique
fibrillar feature of the toe pads of geckos allow them to develop a large actual area of contact
with the substrate the animal is walking on or clinging to [2,5], it is expected that the toe
setae exchange significant numbers of electric charges with the contacted substrate. Usually,
when any two materials, similar or dissimilar, touch each other, electric charges are
transferred from one to the other, leading to formation of a net negative charge on one
substrate and a net positive one on the other [30,31,34]. Development of an electrical double
layer (EDL) [149] at the contact interface via this contact electrification (CE) phenomenon
(also known as surface charging) [30,31], essentially gives rise to formation of electrostatic
interactions between the charged objects [32,33]. In this chapter, by measuring the magnitude
of the electric charges — together with the adhesion forces — that gecko foot pads develop in
contact with different materials, the occurrence and effectiveness of CE and electrostatic
interactions arising from it in gecko adhesion have been clarified for the first time. Better

insight in the role of CE in gecko adhesion is not only very important for understanding of
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the principles of the supreme adhesion of these animals, but also is fundamentally very
crucial in the design and fabrication of synthetic gecko-inspired dry adhesives, which we
have hypothesized to be largely affected by CE-generated electrostatic interactions (see

Chapter 6).

7.2 Experimental

Teflon AF 1600, a tetrafluoroethylene (TFE) (35 mol%) and 2,2-bistrifluoromethyl-4,5-
difluoro-1,3-dioxole (PDD) (65 mol%) copolymer, was purchased from DuPont.
Polydimethylsiloxane (PDMS), received as a two-part Sylgard 184 Silicone Elastomer Kit
with base to catalyst mix ratio of 10:1, was acquired from Dow Corning. Fluorinert
Electronic Liquid FC-40 for dissolving Teflon AF was obtained from 3M and ethanol (ACS
reagent, >99.5%) was purchased from Sigma. Ultra-smooth, mirror-finished copper sheets
(99%, 28 gauge, 15x15 cm?), which came coated with a plastic layer to protect them against
scratches and possible surface oxidation, were obtained from Fire Mountain Gems and
Beads. After cutting the copper sheets into smaller (~5x5 cm?) pieces, and in preparation for
spin-coating the polymer thin films over them, the protective plastic layers on the copper
sheets were removed. Then, each sheet was cleaned individually using a commercial metal
cleaner (Autosol Metal Polish from Autosol LLC.), followed by sonication in pure ethanol
for 40 min using B1500A-MT Ultrasonic Cleaner (VWR International, LLC.). The sheets
were finally rinsed with ethanol and, to prevent their oxidation in air, they were kept in

ethanol prior to coating them with the polymers.
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The polymer thin films were spin-coated onto the copper sheets (~5%5 c¢m?) using polymer
precursor solutions and a G3-8 Spin Coater (Specialty Coating Systems, Inc.). The
corresponding polymer precursor solution, spin speed (w), and spin time (¢) at which the

polymer thin films were deposited, are detailed in Table 7.1.

Table 7.1. The corresponding solvent, concentration (C), spin speed (@), and spin time (7) for fabrication
of each polymer thin film as well as the ultimate thin film thickness (%;) and roughness average (R,) of
each thin film.

Polymer Solvent C; @ ! hi R
(wWt%) | (rpm) | (s) (nm) (nm)
Teflon AF FC-40 4 1500 30 1.2+0.1 0.1+0.2
PDMS — — 6000 60 7.0+0.1 0.5+0.2

After spin-coating, the polymer substrates were annealed for 2 h at 92 °C under vacuum.
Annealing under these conditions ensures complete drying of Teflon AF thin films. The
polymer substrates were then stored in ambient conditions for a week prior to conducting
adhesion and charge measurement tests on them. The storage in ambient conditions was done
to ensure that the PDMS was completely cured. The annealing under vacuum was followed
by curing at ambient conditions. This was done to both polymer substrates so that the sample

preparation was identical for both polymers.

The thicknesses of the polymer thin films (see Table 7.1) were measured by thin film step
height measurements from ~1 cm off the edge of the copper sheets using a P-6 Stylus Profiler

(KLA-Tencor Corporation). Roughness of the backing copper sheet, as well as of the
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polymer thin films (see Table 7.1), were determined by atomic force microscopy (AFM)
from a 5x5 pm® area from the substrate (Figure 7.1) using a Dimension Icon Atomic Force

Microscope (Bruker Corporation) in the tapping-mode.

4.83 A

8.40 nm

0.00 nm

Figure 7.1. Characteristic AFM images taken from a 5x5 pm?2 area from (A) Teflon AF and (B) PDMS.

The tip used for AFM imaging was a silicon tip on a nitride lever (ScanAsyst; thickness: 650
nm; length: 115 um; width: 25 um), obtained from Bruker Corporation. Analysis of AFM
images to obtain the roughness average (R,) values of the substrates (see Table 7.1) was

carried out using WSxM software (Nanotec Electronica S.L.). Each R, value cited in Table
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7.1, including the R, for the backing copper sheet (=9.7+1.1 nm), is the average value
determined from three independently replicated tests, with the deviations corresponding to
the standard deviation. As a matter of fact, the measured roughness values are similar and are

in the range of roughness at which gecko adhesion is fully functional [105,150].

Polarity characteristics (hydrophobicity and hydrophilicity) of the polymer thin films were
determined by measuring the static contact angle of water on them using a home-built set-up.
For the water contact angle measurement test, a water droplet (~30 4L in volume) was placed
on the polymer thin film at a rate of 15 mL/min. An image of the water droplet was taken
from the side, ~20 s after the water droplet was completely deposited onto the sample (Figure
7.2). The static contact angle of each water droplet was then measured by analyzing the
captured image using a MATLAB code. Each reported water contact angle result represents
the average from six individual and independently replicated experiments along with the

standard deviation.

6=108.4£0.6

3

Figure 7.2. Characteristic images of a ~30 uL. water droplet, taken from the side, ~20 s after the water
droplet was completely deposited onto (A) Teflon AF and (B) PDMS thin films.
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To electrically isolate the polymer-coated copper sheets from the surroundings, each sheet
was glued to a thick polytetrafluoroethylene (PTFE, Teflon) sheet (6x3.5x0.6 cm®, LxWxH)
using an ethyl cyanoacrylate-based glue (Krazy Glue Corp.) and dried under vacuum at
ambient temperature for two hours. The PTFE sheet under the copper sheet was fit into a
PTFE plate to provide a frictionless platform for adhesion tests (Figure 7.3). The whole set-

up was then mounted on a ~1 c¢m thick wood plate which was mounted vertically on a wall.

Nylon screws

Aluminum rod

Insulating Teflon-coated

Electrometer clamp nylon connection

Teflon plate Humidity and
temperature sensor
Backing Teflon sheet Polymer-coated

copper sheet

Figure 7.3. The image of the set-up used for in-situ adhesion/force measurements. The whole set-up was
mounted on a black wood plate, fixed vertically on a wall.

Details on the length, weight, and size of the foot pads of all the five Tokay geckos employed
in this research are outlined in Table 7.2. The area of the gecko toe pads was measured by
scanning the animal toe pads on a HP Deskjet F4480 All-in-One Scanner/Printer (Hewlett-
Packard Development Company) and subsequently measuring the contact area using ImageJ
software from National Institutes of Health. All experiments on animals in this research were

conducted in compliance with Animals for Research Act of Ontario (Revised Statutes of
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Ontario), the Guide to the Care and Use of Experimental Animals from Canadian Council on
Animal Care, and the University of Waterloo's Guidelines for the Care and Use of Animals in
Research and Teaching.

Table 7.2. Weight, length, and toe pad area of the geckos employed. The pad areas were estimated from

analyzing three different scans of the animal toe pads while the deviations correspond to the standard
deviations.

Animal Weight Length Front toe pad area Back toe pad area
number (2) (cm) (mm?) (mm?)

1 55 25 84+4 109+5

2 36 25 83+4 102+5

3 27 23 70+2 8545

4 48 25 105+5 1423

5 50 26 12143 149+3

Before performing adhesion and charge measurement tests, both of the polymer thin films, as
well as the gecko foot pads, were grounded to remove any static charge which may have built
up on them. Discharging the polymer thin films was carried out by using an Anti-Static
Static-Away Brush (Ted Pella, Inc.) to obtain a completely clean and electrically neutral
substrate. To remove any previously adsorbed water from the polymer thin films (i.e., water
that adsorbed after fabrication of the thin films and before performing the tests), they were
rinsed with ethanol and allowed to air dry for a few minutes prior to discharging, before the
tests were conducted. The gecko foot pads, on the other hand, were discharged by placing the
foot pads on a large polished copper sheet that was grounded to a metal desk. Since the
gecko’s body is also electrically conductive, throughout both charge and adhesion
measurements, the gecko’s body itself was also grounded through one of its foot pads

(opposite to the foot on which the test was being performed) using a grounded wire; for
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instance, when a test was carried out on the right-front leg, the left-back leg was grounded.
Experiments were carried out on both front and back legs. The charge and force measurement
results were processed and analyzed using Principal Component Analysis (PCA) on

STATISTICA from StatSoft Inc.

7.3 Results and discussion

Adhesion and charge measurements were carried out on two substrates, Teflon AF and
polydimethylsiloxane (PDMS). Charge and force measurements were performed
simultaneously by putting a single foot pad of five live Tokay geckos (Gekko gecko) against
a vertically-aligned thin film of the polymer, which was coated on a 5x5 cm” ultra-polished
(roughness average, R, = 9.7+1.1 nm, n = 3), mirror-finished copper sheet. The foot pad was
subsequently pulled down the polymer thin film, dragging the toes across the substrate, until
the developed shear force on the polymer was saturated. At the end of the course of dragging,
the foot pad was pulled upward (perpendicular from the polymer surface), in order to detach
the toes from the substrate. The five steps of the adhesion tests are shown in Figure 7.4.A,
while the characteristic adhesion traces for Teflon AF and PDMS are plotted in Figure 7.4.B
and 7.4.C, respectively. The static adhesion strength (i.e., adhesion force per unit pad area)
over Teflon AF — which was determined at the point where the toes started to slide — was
2.340.3 N/em® (n = 10), on average, more than twice as large as that of PDMS (1.10.2
N/em?, n =10) (Figure 7.4.D). Following the onset of the sliding on both substrates, however,

the shear strength increased. Enhancement of the shear strength during dragging is because of
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the directionality of the adhesion of gecko toe pads [2,7], considering that they develop a
superior contact when the toes get aligned in the direction of dragging (compare Figure
7.4.A-2 with 7.4.A-3). Due to the familiar stick-slip phenomenon [107,140], on the other

hand, the increase of the shear strength throughout the dragging step happened in a

fluctuating manner.
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Figure 7.4. (A-1) An originally neutral gecko foot pad was brought close to a vertically-aligned polymer
thin film which was coated on a ~5x5 cm?, mirror-finished, copper sheet. (A-2) The toe pad was placed on
the polymer thin film and the surface charge density was measured. (A-3) The foot was pulled down and
the toes were dragged over the polymer thin film for a 2-10 mm distance, depending on the type of the
polymer. (A-4) Finally, the foot was pulled up — perpendicular from the thin film — until (A-5) the toes
completely detached from the substrate. Characteristic changes in the shear strength (i.e., shear force per
unit toe pad area) throughout all 5 steps of the in-situ force/charge measurement tests on (B) Teflon AF
and (C) PDMS. (D) Static shear strength values determined from force traces recorded during
force/charge measurement tests on both Teflon AF and PDMS.

Before discussing the details of CE and the electrostatic interactions arising from that, it
should be noted that along with electrostatic forces, van der Waals (vdW) and capillary
forces could also contribute to the measured adhesion forces [2,3,13]; vdW interactions
naturally exist between two materials in contact [74], while capillary interactions become
effectual in humid conditions [13,74]. In regard to the latter, however, since all the
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experiments were carried out at the constant relative humidity (RH) of 50+4 % (temperature,
T =24+1 °C), and since both substrates share an almost similar hydrophobicity (Teflon AF, 6
= 108.4+0.6 °, n = 6; PDMS, 6 = 106.0+£0.7 °, n = 6), the contribution of capillary
interactions in the overall interfacial interactions for both polymers should be essentially
identical — while capillary interactions for PDMS could be even slightly more effective
[13,127]. With respect to vdW forces, on the other hand, Teflon AF is also expected to
generate somewhat smaller vdW forces in comparison to PDMS (see the Appendix C for
more details). In particular, both polymers share a comparable sub-nanometric roughness
(Teflon AF, R, = 0.1£0.2 nm, n = 3; PDMS, R, = 0.5+0.2 nm, n = 3), and therefore have
similar geometry of contact with the gecko foot pad [3,105,150]. Hence, Teflon AF (with a
Hamaker constant of 5.1x107° J) should develop almost 0.8 times smaller vdW forces than
PDMS, which has a Hamaker constant of 6.5x10%° J (see the Appendix C for more details).
With Teflon AF having a weaker ability than PDMS to generate both vdW and capillary
forces, development of observed enhanced adhesion forces by Teflon AF (Figure 7.1.D)

points to the decisive contribution of CE-driven electrostatic interactions in gecko adhesion.

In order to determine the contribution of CE-driven electrostatic interactions in the generated
adhesion forces, during the adhesion tests, the magnitude of the electric charges — developed
right after contact occurred — was measured by image charge analysis [32,33,149]. When an
electrically neutral gecko foot pad was brought into contact with the polymer thin film, the
toes made contact with the substrate via the nano-scale spatulas (each 200300 nm wide and

5-10 nm thick) [5,84] at the tip of the keratinous setae [20,21] of each toe on the foot pad

160



(Figure 7.5). As illustrated in Figures 7.5.B and 7.5.C, the exchange of electric charges
between the fibrillar feature of the toe pads and the substrate gave rise to formation of an
EDL at the contact interface. Separation of electric charges at the contact zone induced an
image charge, with the density of Gju,ge., in the backing copper sheet. Knowing the magnitude
of Gimage from the readings of the electrometer connected to the back of the copper sheet, the
surface charge density over the polymer (o;), which can practically be considered equal to

that on the foot pad [32,33], was determined (see Appendix C for more details).
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Figure 7.5. (A) Before contact of a nano-spatula — at the tip of a seta of a gecko toe pad — with the
polymer thin film, both the spatula and the thin film were electrically neutral. (B) As the toe pad came
into contact with the polymer thin film, electric charges separated between the nano-spatula and the thin
film. The EDL, which was formed at the contact interface, induced certain electric charges in the backing
copper sheet, which was grounded through an electrometer. (C) Electric charges that separated upon
contact, penetrated up to a depth of d; and d, into the polymer thin film and the contacted nano-spatula,
respectively. D is the actual separation distance (~0.3 nm) [2,84] between the nano-spatula and the thin
film.

Charge measurement results revealed that during almost all contacts, the gecko foot pad
became positively charged while the polymer was negatively charged. As illustrated in

Figure 7.6.A, the absolute values of the surface charge densities immediately after intimate
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contact with Teflon AF and PDMS were 1.6+0.2 mC/m* (n = 10) and 1.3+0.1 mC/m’ (n =
10), respectively. In principle, these charge densities (equivalent to approximately 1
clementary charge per 89-134 nm?) are relatively large [31,122], albeit typical for an
intimate contact [32,33]. According to the charge measurement results and considering the
toe pad-substrate interface as that between two parallel plates (see Appendix C for more
details), the electrostatic forces that gecko foot pads develop with Teflon AF and PDMS — in
the normal direction before sliding — are 4.7+1.2 N/cm? and 2.4+0.4 N/cm®, respectively.
Interestingly, the calculated surface forces are of the same magnitude and also, more or less,
of the same proportion (almost, on average, twice larger) as the static lateral adhesion forces

(Figure 7.4.D) that were experimentally measured for these substrates.
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Figure 7.6. (A) Surface charge densities measured right after contact of gecko toe pads with Teflon AF

and PDMS. (B) Surface charge densities after a single contact of gecko toe pads with the two polymer
thin films.
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Although advantageous for generating superior adhesion, electric charges that gecko toe pads
develop upon contact are very large in magnitude [31-33,122], and can simply cause the
gecko body to become overcharged during locomotion. Even so, we have found that upon
detachment from the substrate, most of the electric charges which were exchanged between
the toes and the substrate, flowed back to the original surface. In particular, to determine the
effect of electrostatic discharge (ESD) on the adhesive properties of Teflon AF and PDMS in
contact with gecko toe pads, the magnitude of the charge densities after contact were also
measured. After contact-charge densities were measured after placing a single foot pad (five
toes) of a gecko on a vertically-aligned thin film, followed by its removal from the substrate
(after few seconds) by pulling the foot up perpendicularly from the surface. Measuring after-
contact charge in this way allowed us to determine the number of electric charges per toe
area, which remained on the substrates after removal of the toe pads. It should be noted that
the sign of the electric charges acquired after contact was — mostly — positive for Teflon AF
and negative for PDMS, despite both becoming negatively charged upon contact with gecko

foot pads.

As illustrated in Figure 7.6.B, charge backflow via the electrostatic discharge phenomenon
(which naturally happens during separation of the substrates charged via CE) [30-33,149],
led to after-contact surface charge densities of 10.3+1.8 xC/m* (n = 10) over Teflon AF and
0.9+0.2 C/m* (n = 10) over PDMS. The measured after-contact charge densities, which

were two to three orders of magnitude smaller than those developed at the interface during
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contact, are also moderately small when compared to typical after-contact charge densities
(i.e., 10-1000 C/m®) [31,122] of the polymers used. The efficient ESD from gecko toe pads,
which is more significant when in contact with PDMS rather than Teflon AF (Figure 7.6.B),
is actually not very surprising when the large dielectric constant of f-keratin (the main
component of the fibrillar feature of gecko toe pads) [20,21] and the pointy nature of the
setae are taken into consideration. More specifically, in contact of an insulator with a high
dielectric material (as f-keratin is; see Appendix C for more details), most of the electric
charges, which are separated during contact, flow back to the original surface as the surfaces
detach from one another [31]. Above and beyond that, surface discharge is naturally very
effective when at least one of the surfaces over which discharge occurs has a sharp tip [31],
given that electric charges naturally accumulate densely around points and sharp edges [151].
Therefore, seemingly because of the special material and geometrical properties of the setae
of the toe pads, upon fracture of the seta-substrate bond, most of the electric charges that
were separated during detachment flowed back to the original surface, thus resulting in the

very small after-contact charges observed for both substrates.

As illustrated, what makes the difference that geckos stick strongly to one substrate while
they do not to the other is the extent of the contribution of CE-driven electrostatic
interactions for each substrate. Even so, during the last 80 years of research on gecko
adhesion, the contribution of electrostatic interactions in gecko adhesion has always been
overlooked [2,3,5,152] — although never completely ruled out [21]. The role of electrostatic

interactions in gecko adhesion was always passed over by referring to the experiments
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conducted by Dellit [153], where adhesion of a gecko (12 g Tarentola mauritanica) was
tested against a vertically-aligned chromed metal surface. After bombardment with ionized
air, thereby, supposedly, eliminating electrostatic interactions, and observing that the
adhesion between the gecko and the metal surface did not change, Dellit concluded that the
electrostatic interactions did not contribute to the adhesion of geckos [153]. The control
sample used by Dellit was small pieces of a paper that were brought to adhere to a glass rod,
which was charged by rubbing in advance [153]. In regard to Dellit's experiments, it should
be noted that air ionization is not a proper method for discharging the CE-driven electrostatic
interactions of gecko foot pads upon intimate contact. Put otherwise, during ionization of air
by radioactive ionization or X-ray radiation, as employed by Dellit [153], elementary air ions
(typically ~0.4 nm in size), within a fraction of a second after their creation, attract 8—15
(mostly water) molecules to themselves and form positive and negative molecular clusters,
known as "air ions" [151]. As a matter of fact, due to their relatively massive size, air ions
can only be employed to eliminate electric charges from an electrostatic contact — like that of
the paper-glass with typical micro-scale roughness — where air ions can reach the contact
interface to dissipate surface charges. In the intimate contact of seta-substrate, with an atomic
separation distance of ~0.3 nm [2,84], however, eliminating CE-generated electrostatic forces
by air ionization is not even practical, simply because air ions cannot penetrate between the

contact interface in order to dissipate surface charges.
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Chapter 8. Concluding Remarks, Main Thesis Contributions, and

Recommendations

8.1 Summary and concluding remarks

In this thesis, the fundamental understanding about dry adhesion of both geckos and gecko-
inspired adhesives was highlighted first. Following these basic principles, fabrication of
synthetic bio-inspired dry adhesives was subsequently discussed. Then, details on the

possible sources of the adhesion of both natural and synthetic dry adhesives were illustrated.

We subsequently discussed the following points:

e The fabrication of a state-of-the-art dry adhesive, by replica-molding, from a non-
sticky fluoropolymer, Teflon AF. Using anodic aluminum oxide as the mold, for the
first time, extremely high aspect-ratio nanopillars with a unique nanostructure at the
top were fabricated.

e We then managed to modify the structural properties of both the base and the
terminating nanostructure of this novel dry adhesive (by a combination of
conventional and a novel fabrication technique that we developed).

e By conducting tribological tests, we have found that the unique structural and
material properties of the fabricated nanopillars allowed them to generate enhanced
adhesion forces in both normal and shear directions via contact electrification-driven

electrostatic interactions.
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e More interestingly, certain types of the fabricated dry adhesive have succeeded to
generate enhanced adhesion forces under water (the exact mechanism of adhesion

underwater is not fully understood).

Following the fabrication, modification and characterization of the structural as well as the
adhesion properties of bi-level Teflon AF nanopillars, we set out to look into the contribution
of contact electrification dry adhesives in the adhesive performance of other synthetic dry
adhesives.

e By looking into the performance of other polymeric dry adhesives and by pooling
together the surface charge densities that polymers other than Teflon AF generate
upon contact, we have explained the possibility of the occurrence and also the
effectiveness of contact electrification in the adhesive performance of polymeric dry
adhesives.

e We have shown that not only is contact electrification highly expected to happen in
contact of polymeric dry adhesives, but also it should have a great contribution in

their adhesive properties.

After looking into the role of contact electrification in adhesive performance of synthetic dry
adhesives, we looked into the role of contact electrification and the electrostatic interactions

arising from it in dry adhesion of their prototype, geckos.
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e By directly measuring the magnitude of surface charges along with adhesion forces
that geckos develop on various surfaces, we have shown that gecko adhesion is
greatly dominated by unappreciated before contact electrification-driven electrostatic
interactions. This was shown for the first time.

e Our first experimental evidence for the decisive role of electrostatic interactions in
gecko adhesion is not only very important for understanding the fundamentals of the
supreme dry adhesion of geckos, but also it is very crucial in design and fabrication of
synthetic dry adhesives, which we speculated to largely rely on contact

electrification-driven electrostatic interactions for their performance.

8.2 Main thesis contributions

Over 2,000 years ago, Aristotle commented on the surprising ability of geckos to “run up and
down a tree in any way, even with the head downwards”. During the last century or so,
scientists have conducted research to find the origin of the supreme adhesion of geckos. In
this vein, which also led to the creation of synthetic gecko-inspired fibrillar dry adhesives
almost a decade ago, and after ruling out all postulated sources of adhesion (e.g., suction,
micro-interlocking, glue, and also electrostatic interactions), the supreme adhesion of geckos
was eventually attributed, in the early 2000s, to the dominance of van der Waals interactions,
which naturally exist in contact of any two surfaces. In humid conditions, however, the
assisting role of capillary forces has also been discussed. In summary, over a thousand

papers, reviews, and book chapters have been published on the dry adhesion of geckos and
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also on synthetic gecko-inspired dry adhesives, all relying on the dominance of van der
Waals interactions (and the assisting contribution of capillary interactions), in order to

explain adhesion.

In this research, we have succeeded in fabricating a state-of-the-art bi-level nanostructure (as
a fibrillar dry adhesive) from a hydrophobic polymer, Teflon AF, having the weakest van der
Waals interactions of all solid organic polymers (Chapter 3). Although Teflon AF is not an
effective van der Waals interaction generator, surprisingly large adhesion forces were
detected for the fabricated dry adhesive, which could not be explained based on the
principles of van der Waals interactions. The contradictory behavior of Teflon AF
nanopillars led us to look into the occurrence and effectiveness of contact electrification-
driven electrostatic interactions, which a fluoropolymer like Teflon AF can effectively

generate (see Chapter 4 and 5).

After re-examining the role of contact electrification in the adhesive performance of bi-level
Teflon AF nanopillars, and by considering the surface charge densities that polymers other
than Teflon AF can generate upon contact, we have illustrated in Chapter 6 the possibility of
occurrence of contact electrification and role of electrostatic interactions arising from it in the

adhesive performance of other polymeric dry adhesives.

Motivated by our detailed review of the literature and considering that all the principles

regarding the likelihood of contact electrification in synthetic dry adhesives are also
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applicable to the dry adhesion of their prototype, geckos, we set out to address an even more
important question: "Does gecko adhesion stem from electrostatic interactions?". From this
perspective, in Chapter 7, we have illustrated — for the first time — the dominance of contact
electrification-driven electrostatic interactions in gecko adhesion. Otherwise stated, our
results completely clarified that it is the contact electrification-driven electrostatic
interactions which dictate the strength of gecko adhesion, and not the van der Waals or

capillary forces.

8.3 Recommendations for future steps

8.3.1 Short-term recommendations

There are several short-term studies which can be carried out to address some of the
unanswered questions which occurrence of contact electrification can raise in regard to the
dry adhesion of both natural and synthetic dry adhesives.

e First and foremost, although we have shown electrostatic forces are dominant, one
can still investigate what percentage of gecko adhesion is coming from electrostatic
interactions. In fact, this can be achieved by some experiments in completely dry
conditions (which essentially eliminate the role of capillary forces). Following that,
some theoretical analysis or even simulations can be conducted to distinguish the
input of van der Waals forces from that of electrostatic interactions in dry adhesion of

geckos and, from that perspective, that of gecko-inspired dry adhesives.
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Next, it needs to be clarified how water uptake alters the adhesive properties of gecko
toe pads. For several decades, adhesion of geckos has been studied according to
material properties of f-keratin, the main component comprising the fibrillar feature
of gecko toe pads. Even so, it has been widely overlooked that keratinous materials
can uptake significant amounts of water in humid conditions, and their material
properties (specifically, dielectric constant and conductivity) will thus significantly
change (by even an order of magnitude). From this perspective, it is very crucial that
the role of water uptake be clarified in adhesive properties of geckos, from the aspect

of contact electrification-driven electrostatic interactions.

In regard to synthetic dry adhesives, specifically bi-level Teflon AF nanopillars, some

additional questions also need to be answered.

First, what is the mechanism of the formation of the finger-like nanostructure
developing ahead of the polymer melt in the alumina nanochannels? Even though we
have managed to control its geometrical properties by adjusting the processing
temperatures, the exact mechanism of its formation, which is exclusive to infiltration
of Teflon AF melt in alumina nanochannels, is still elusive. Clarifying this
mechanism is not only important for understanding better the behavior of Teflon AF
melt in alumina nanochannels, but also it can pave the way for incorporation of the
fingering phenomenon in nanochannels toward fabrication of either more advanced

nanostructures, even from other materials.
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Next, the exact mechanism of the underwater adhesion of bi-level Teflon AF
nanopillars is still missing. As this characteristic of bi-level Teflon AF nanopillars is
very interesting and can help the emergence of this nanostructure in so many other
advanced applications, as discussed in the thesis, it is very important that this

interesting behavior of Teflon AF nanopillars be also completely studied.

8.3.2 Long-term recommendations

Since the idea and evidence about the occurrence of contact electrification and dominance of

electrostatic interactions in dry adhesion of geckos and gecko-inspired dry adhesives are

absolutely new, they raise several interesting questions for long-term future work.

First, the role of many variables which naturally influence contact electrification (e.g.,
the nature of the contacting materials, possible partial discharge across the separating
gap, surface topography, humidity, duration of contact, surface contamination, and
temperature) needs to be investigated in dry adhesion of both natural and synthetic
dry adhesives.

Another important factor is the magnitude of local charge densities. In particular,
electric charges which separate via contact electrification, do not distribute in a
homogenous manner over insulators which are conventionally used to fabricate dry
adhesives. In contrast, they localize themselves in micro/nanodomains which are
more or less of the same scale as the size of both natural and synthetic fibrillar dry

adhesives. So, seeing that the charge densities on these micro/nanodomains are
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naturally (up to 3 orders of magnitude) larger than the net surface charge densities
that surface charge characterization techniques do measure, it is needed that their role
in adhesive properties of dry adhesives be clarified.

Indeed, another very critical factor, which can largely affect the magnitude of
electrostatic interactions arising from contact electrification, is the depth of the
penetration of electric charges in the contacted substrates. In the literature, various
numbers, ranging from the atomic scale of less than a nanometer up to few
micrometers, are reported for charge penetration depth in case of insulators. Seeing
that even a slight change in charge penetration depth can significantly alter the
magnitude of the contact electrification-driven electrostatic interactions over
insulators, it is very crucial that a systematic study regarding this matter be carried
out.

Last but not least, in the case of dry adhesion of both natural and synthetic dry
adhesives, the mechanism of charge transfer, which can be either electron, ion, and/or
material transfer, needs to be investigated. In fact, there is an ongoing controversy
regarding the mechanism of charge transfer over insulators. However, given that the
charge transfer mechanism is essentially dictating all contact electrification
properties, it is essential to figure out the exact mechanism of charge transfer in the

case of dry adhesives, either natural or synthetic ones.
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Appendix A. Supporting Information for Chapter 4

High aspect-ratio (AR) nanopillars terminated with a fluffy nanostructure on top were
fabricated on Teflon AF by infiltration of the polymer melt into an anodic aluminum oxide
(AAO) membrane as the mold. The effective elastic modulus (E.;) of the fabricated
nanopillars can be calculated by Equation 2.1. Considering £ = 1.5 GPa [25], u = 0.35, 0 =
89°, and 25% porosity in the mold, which results in d = 8x10'? pillars/m?, the theoretical
effective elastic modulus of nanopillars, excluding the hierarchical level, was calculated. For
an identical structure, increasing the pillar height (and, consequently, enhancing the AR of
pillars) results in lower effective elastic modulus for the fibrillar structure. Lower elastic
modulus allows the probe to penetrate deeper into the dry adhesive and thus the number of

pillars which come into contact at a specific loading force increases.

Figure A.1.A shows the schematic of an indentation test and typical force traces (i.e., normal
force vs. displacement) for all samples under the nominal preload of 50 mN. The measured
ultimate penetration depths (L,s) of the fused silica probe in nanopillars as well as the flat
control sample at different preloads are plotted in Figure A.1.B. By using the probe
penetration depth values (L,;) and considering the geometrical correlations of the probe in
contact, the approximate apparent surface area at the contact zone (a.,,) was calculated by

Acon = Lpa (d”— L,q) where d’ 1s the probe diameter (see Figure A.1.C) [63].

It can be seen in Figure A.1.C that the change of the surface area with preload within the
applied preload range of ~5-50 mN is almost linear for all samples, including the bi-level
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nanopillars and the flat control sample. Using the calculated apparent contact areas, the
adhesion strength (pull-off force per unit surface area) for hierarchical nanopillars at different
preloads has been calculated (Figure A.1.D). The plot in Figure A.1.D was used to calculate
the maximum adhesion strength and the corresponding pull-off force for nanopillars of

different geometrical properties.
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Figure A.1. (A) Typical force traces (normal force vs. displacement) for different nanopillars of ~5.5, 16,
37, and 45 pm tall (samples A, B, C, and D, respectively) as well as for the flat control samples under a
nominal preload of 50 mN. The schematic shows the two steps of loading and unloading in an indentation
test with a hemispherical fused silica probe (8§ mm in diameter) on bi-level Teflon AF nanopillars. (B)
Corresponding probe penetration depth, (C) Apparent surface area, and (D) Adhesion strength (i.e., pull-
off force per unit surface area) for double-level nanopillars of 200 nm in diameter at nominal preloads of
5, 10, 25, and 50 mN.

According to Lifshitz theory [99], the Hamaker constant between phase 1 (fused silica probe)

and phase 2 (Teflon AF) interacting across the medium 3 (air) can be calculated by Equation
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2.5. Considering that ¢, = 3.8, n; = 1.448 , &, = 1.93, np = 1.31, &3 = 1, and n3 = 1, the
Hamaker constant for the fused silica probe in contact with a flat Teflon AF surface would be

approximately equal to 5.64x10° J at 298 K.
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Figure A.2. (A) Schematic of the three steps of load, drag, and pull in a typical LDP test with a
hemispherical fused silica probe (8 mm in diameter) on bi-level Teflon AF nanopillars. (B) Pinning force
(i.e., the amount of decrease in the absolute value of the normal force at the start of the dragging step in
LDP tests) and (C) Static coefficient of friction (COF) for the flat control sample and nanopillars of 200
nm in diameter with different heights of approximately 5.5, 16, 37, and 45 um (samples A, B, C, and D,
respectively) at nominal preloads of 5, 10, 17.5, and 25 mN.

The schematic of an LDP test on bi-level nanopillars is shown in Figure A.2.A. In the LDP
tests, at the start of dragging the probe over the nanopillars, a rapid substantial decrease in the
absolute value of the loading force (i.e., the normal force) was detected. The absolute value

of this decrease (called "pinning force") at different preloads, for all hierarchical nanopillars,
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has been plotted in Figure A.2.B. The pinning force for the flat sample was not detected; for
nanopillars, it was significant and increased linearly with preload. The static coefficient of
friction (COF) values for all hierarchical nanopillars as well as for the flat control sample at
different preloads are plotted in Figure A.2.C. The measured static COF at the onset of
dragging quantifies the force required to initiate the motion divided by the actual force
pressing the probe over the nanopillars. The static COF for the flat surface was constant, as
expected, but that of the nanopillars increased with increasing the preload (see Figure A.2.C);

overall, the COF values were remarkably higher than those of the flat surface.
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Appendix B. Supporting Information for Chapter 5

Fabrication of bi-level Teflon AF nanopillars was carried out by replica-molding using an
anodic aluminum oxide (AAO) membrane as the mold. The AAO membrane (with the
hierarchical level facing up) [130] was placed on top of a hotplate (EchoTherm Digital Hot
Plate; £1 °C temperature stability; Pines Scientific, Inc.) which was covered with aluminum
foil. Next, a stainless steel (SS) cylinder (inner diameter of ~19 mm) was positioned over the
mold and the polymer granules (~0.2 g) were placed inside the cylinder over the mold. A SS
piston (type 304) with a cooling setup over it was fitted inside the cylinder and on top of the
polymer granules (see Figure B.1). The cooling temperature (7¢) was adjusted to the desired
temperature of —20, 0, 20, or 40 °C, by circulating cooling liquid (silicon oil; Thermofluid
M40.165.10; temperature range: —40 to 165 °C) through a glass chamber above the SS
cylinder (Figure B.1). The temperature of the cooling liquid was adjusted using a Petite Fleur
circulator (temperature range: —40 to 200 °C, temperature stability: #£0.01 °C) from Peter
Huber Kéltemaschinenbau GmbH. One hour after initiation of the cooling, the hotplate was
turned on to reach the desired heating temperature (7y) of 300 °C. After 6 h, the hotplate was
turned off while the cooling setup kept working for another hour. Subsequently, after
bringing the temperature of the setup to room temperature, the sample (while it was still
connected to the SS cylinder) was immersed in 1.25 M NaOH solution. After 6 h, the sample
was detached from the cylinder and immersed in a fresh 1.25 M NaOH solution for another

18 h. Then, the sample was removed from the solution and subsequently rinsed with
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deionized (DI)-water. The sample was dried afterwards with an air stream, while complete

drying was achieved by vacuum drying at room temperature overnight.

B
i _

% Cooling chamber

Stainless steel piston

Stainless steel cylinder
AAO membrane

Hotplate

Figure B.1. Setup used for fabrication of bi-level Teflon AF nanopillars. The AAO mold was heated from
the bottom by a hotplate while it was cooled down from the top using the cooling system placed over the
SS piston above the polymer.

Typical atomic force microscopy (AFM) images (topography scans) for samples A, B, C, and
D (processed at the cooling temperatures of —20, 0, 20, and 40 °C, respectively) are shown in
Figure B.2. The topography images are used to determine the roughness average (R,) value

for each sample.

424.87 nm 603.56 nm 752.67 nm 519.66 nm

0.00 nm 0.00 nm 0.00 nm

Figure B.2. Characteristic topography AFM images taken from a 5x5 um’® area of bi-level Teflon AF
nanopillars processed at the cooling temperature of (A) -20 °C, (B) 0 °C, (C) 20 °C, and (D) 40 °C
(samples A, B, C, and D, respectively).
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The formation of the fluffy nanostructure on top of the base nanopillars depended strongly on
the presence of the SS cylinder, which was placed on top of the polymer, in order to cool it
from the top (see Figure B.1). Samples prepared at ambient conditions (75 = 300 °C; T¢ =
24+1 °C), without the SS on top, had more of a planar sheet-like terminating nanostructure

on top, as can be seen in Figure B.3.

10 pm 1 pm

Figure B.3. Scanning electron microscope (SEM) images (top-view) of bi-level Teflon AF nanopillars
processed at the heating temperature of 300 °C but at ambient conditions (24+1 °C) without the cooling
system or either the SS cylinder on top. SEM images are taken from one sample at different
magnifications.

To fabricate perfectly flat Teflon AF sheets, as control samples, the polymer granules were
placed in an orderly fashion over a bare silicon wafer on a hotplate. Both the silicon wafer
and polymer granules were covered with a glass Petri dish to reduce the chance of air dust

contamination of the samples. The temperature was slowly ramped to 340 °C, where the
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polymer was processed for 9 h. Then, after cooling the setup down to room temperature, the
silicon wafer and the transparent bubble-free Teflon AF sheet, which was still attached to the
silicon wafer, were immersed in 1.25 M NaOH solution. After detachment of the polymer
sheet from the silicon wafer, it was separately immersed in a fresh 1.25 M NaOH solution. At
the end, after four more hours, the polymer sheet was removed from the solution, rinsed with

DI-water, and dried afterwards with an air stream [29].

The surface energy of the polymer melt at various temperatures (see Figure B.4) in the range
of 260 to 360 °C was measured by the Axisymmetric Drop Shape Analysis (ADSA)
approach using a home-built setup. In this method, a polymer pendent drop was formed
inside an optical viewing cell consisting of an electrically heated SS cylinder (30 mm in
diameter and 25 mm in length) with two sapphire windows perpendicular to the cell axis. The
pendent drop was suspended at the tip of a heated SS rod and every one minute, an image
was taken from the polymer droplet. When the surface tension, determined from analyzing
the digitized image using the Laplace equation of capillarity, was fairly constant (i.e., having
< 5% deviation) for at least 1 h, the surface was considered to have reached equilibrium. The
equilibrium surface tension values measured are reported in Figure B.4. Each point on
surface energy on the figure is an average from three equilibrium surface tension values
obtained in independently replicated experiments, while each error bar signifies the
corresponding standard deviation. Further details regarding the setup and the analysis of the

surface energy measurement test can be found in the paper by Park ef al. [154]. The thermal
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conductivity of Teflon AF at 300 °C was determined from extrapolating the thermal

conductivity vs. temperature results reported in the range of ~60 to 200 °C by Scheirs [25].
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Figure B.4. Surface energy of Teflon AF melt at various temperatures in the range of 260 to 360 °C. The
surface energy of the polymer was measured using the ADSA method.

The adhesive and frictional properties of bi-level Teflon AF nanopillars as well as those of
the flat control samples were characterized by indentation and load-drag-pull (LDP) tests. In
a characteristic indentation test, a hemispherical fused silica probe (8 mm in diameter) was
pressed at a constant speed of 1 ym/s on the sample surface until the normal force reached
the maximum preset force of the so-called preload (~5, 10, 25, or 50 mN). After holding the
probe for 30 s at the particular preload, the probe was pulled up at a constant speed of 1 um/s
until it completely detached from the substrate. In a LDP test, the same hemispherical fused
silica probe was pressed to the sample surface at the same loading speed of 1 um/s (loading
step) until the normal force reached the desired preload of ~5, 10, 17.5, or 25 mN. After

holding the probe for 30 s and under constant load, the probe was dragged over the sample
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surface at a constant speed of 10 um/s (dragging step) for a 500 um distance. At the end of
the dragging course, the probe was instantaneously moved upward at the same unloading

speed of 1 um/s (pulling step) until it completely detached from the surface.

Characteristic force traces (i.e., normal force vs. displacement) in indentation tests under the
nominal preload of 50 mN are plotted in Figure B.5.A for all samples, including flat control
samples as well as bi-level Teflon AF nanopillars of various geometrical properties. The
ultimate penetration depth (L,s) of the fused silica probe in bi-level Teflon AF nanopillars
and also in the flat control samples at different preloads was used to measure the apparent
surface area at the contact zone (acon) by @con = wlpa (d" — Lpq), where d” is the probe diameter
(8 mm) [63]. As illustrated in Figure B.5.B, within the applied preload range of ~5-50 mN,
the change of the surface area with preload is linear for all samples, except for sample A. As
can be seen in Figure B.5.B, the apparent area of contact for sample A, beyond the preload of
25 mN, did not increase linearly. In fact, as sample A is very soft, the probe penetration
depth exceeded the length of the nanopillars (i.e., ~25 um) under elevated preloads; that is,
pressures beyond 25 mN involved the backing layer in holding the normal force, which led to
a shift in the trend of surface area changes at the highest applied preload. However, it should
be noted that sample A had the largest surface area in comparison to other samples due to its
relatively softer structure. In general, under an identical preload, the softer the surface is, the

deeper the probe penetrates and the larger the area of contact is.
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Figure B.5. (A) Typical force traces (normal force vs. displacement) for different nanopillars processed at
the cooling temperatures of —20, 0, 20, and 40 °C (samples A, B, C, and D, respectively) as well as for flat
control samples under a nominal preload of 50 mN. For the sake of visual clarity, the plots do not include
the 30 s holding time between the loading and unloading steps. The dashed lines show the linear fits for
the loading stage for sample A. (B) Apparent surface area for the same bi-level Teflon AF nanopillars as
well as the flat control samples under nominal preloads of 5, 10, 25, and 50 mN.

It should be noted that the force vs. displacement plots of Figure B.5.A do not include the 30
s holding time applied during the indentation tests. As a matter of fact, there are some
fluctuations in the original force vs. displacement data during the 30 s holding time because
of the possible creeping of the samples at that time and also the deflection of the indentation

machine (~0.5 um) at the start of the unloading step and upon changing the direction of its
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movement (see Figure B.6.A). Therefore, for the sake of visual clarity, a deflection distance
of ~0.5 um has been considered for all samples and accordingly adjusted for them (see Figure
B.6.B), while the 30 s holding time was eliminated from all the plots reported in Figure

B.5.A.
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Figure B.6. (A) Original characteristic normal force vs. displacement trace for bi-level Teflon AF
nanopillars processed at —20 °C (sample A). (B) The same normal force vs. displacement trace after
removal of the 30 s holding time from the plot and adjusting the ~0.5 #m deflection of the indentation
machine.
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Last but not least, the pull-off forces measured upon detaching the fused silica probe from bi-
level Teflon AF nanopillars in LDP tests are presented in Figure B.7. The deviation from
indentation tests and also large error bars for pull-off force results of LDP tests (Figure B.7)
were obtained because of the unpredictable nature of the partial surface discharge, which

took place upon unloading the probe from the nanopillars.
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Figure B.7. Pull-off force values measured upon unloading in LDP tests at various preloads of 5, 10, 17.5,
and 25 mN for different nanopillars processed at the cooling temperature of —20, 0, 20, and 40 °C
(samples A, B, C, and D, respectively).
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Appendix C. Supporting Information for Chapter 7

During charge measurement tests, as a gecko foot pad was brought into contact with the
polymer thin film, electric charges were separated at the contact interface, leading to
induction of an image charge on the backing copper sheet. During contact, and even after
separation of the gecko foot pad from the substrate, the sign and density of the induced image
charges (Oimsge) Wwere concurrently recorded by an electrometer (Model 6517A
Electrometer/High Resistance Meter from Keithley Instruments), which was connected to the
back of the copper sheet. Using oinqee and neglecting the effect of charge backflow via
tunneling [31,36], the actual surface charge density over the polymer (o;) during contact was
determined by [149]

D +d; +d, \

Pimage = O M_d_g+2/
& Eg Ep

Equation C.1
where D is the actual separation distance between the setae and the thin film; d; and d, are the
charge penetration depths in the polymer and the nano-spatula at the tip of each seta,
respectively. 4; is the thickness of the polymer thin film, and ¢;, &, and ¢p are the dielectric
constants of the polymer, the seta, and the separating medium, respectively. For after-contact
charge measurements, however, when the gecko foot pad is pulled away from the polymer
thin film, the measured image charge density (gimage) is €ssentially equal to the actual surface

charge density over the polymer (o), and no further calculation is required [149].
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In calculating the surface charge density during contact, since gecko toe pads come into
intimate contact while both the nano-spatulas of gecko setae and polymer surfaces are
perfectly smooth at a sub-nanometer scale (see Table 7.1), the actual separation distance, D,
was considered as that of the interatomic separation distance of ~0.3 nm [2,84]. The charge
penetration depths, d; and d,, were considered equal and approximated by 3 nm [111]. The
charge penetration depth of 3 nm was employed for all calculations because it is the upper
limit of charge penetration reported for a single contact with an insulator (although lower
charge penetration depths in the order of atomic dimensions, as small as 0.35+0.8 nm [112],
have also been reported for a single contact with an insulator). It should be noted that using
smaller charge penetration depth values for charge calculations does not affect any of the
conclusions drawn herein. If, however, smaller penetration depths were used, the surface
charge densities would be larger than those reported in this report, which still completely
support our conclusions. The dielectric constants (g;) of Teflon AF and PDMS were
considered as 2.65 [155] and 1.93 [25], respectively. Although the dielectric constants of the
employed polymers are constant, the dielectric constant of f-keratin (e,), the main component
of the fibrillar feature (setae) on the gecko toe pads [20,21], varies between ~4 and 20 [156-
160], depending on the water uptake of the material, which depends on the environmental

conditions.

In particular, keratinous materials absorb a specific amount of water depending on the
humidity. Considering that absorbing water from air can dramatically alter both the dielectric

constant and the conductivity of a keratinous material [156-161], and in order to reduce the
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influence of the humidity history on the uptake of water by gecko foot pads, the geckos were
incubated in a plastic chamber (with RH of ~100%) for ~2 h prior to both charge and
adhesion tests. In addition, all tests were carried out at constant relative humidity (RH) of
50+4 % (temperature, 7=24+1 °C). Therefore, for the charge calculated using Equation C.1,
the intermediate value of 16 was considered for ¢, given that it is the approximate average
value reported for keratinous materials in the range of relative humidity employed for our
experiments [158,159,161]. It is also worthwhile mentioning that, for charge calculations, the
effect of using the lower or upper values of &, (i.e., 4 or 20, respectively) on the final results

is negligible.

Although water uptake by gecko foot pads in humid conditions does not significantly affect
the charge calculations, humidity variations have proven to have a significant (and
complicated) effect on contact electrification, which differs from system to system [31,36].
Therefore, RH was kept constant — yet relatively high — in all experiments. The relatively
high specific RH of 50+4 % was chosen for two reasons. First, Tokay geckos, employed in
this research, inhabit tropical forests where humidity levels are normally high [126].
Secondly, formation of water layers over the polymer in humid conditions can help to
stabilize their surface charging [36]. Therefore, to obtain more consistent results, all
experiments were performed at the relatively high and consistent RH of 5044 %. It should be
noted that water is not necessary for contact electrification to occur [36] and effective surface

charging does happen in even completely dry conditions [32,33,36]. Temperature and RH
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were monitored using a HI 93640N Thermohygrometer (HANNA Instruments Inc.) with

resolution of 0.5 °C for temperature measurements and +4% for RH readings.

In calculations of charge densities by Equation C.1, the dielectric constant of the separating
medium (ep) was considered equal to 1, the dielectric constant of air. However, it should be
noted that at the RH of 5044 % where the experiments were carried out, it is expected that
small amounts of water adsorb over the polymer thin films. Since the employed polymers are
hydrophobic, the thickness of the adsorbed layer of water is typically less than 0.2 nm —
roughly a thickness of a monolayer of water [13]. Seeing that the dielectric constant of a
monolayer of water (=6) is not very high (as that of the bulk of water (=80)), in charge
calculations, the presence of water at the interface was ignored, since the effect of its

incorporation in charge measurements was negligible.

To investigate the influence of surface charging on the adhesion of gecko foot pads, the
magnitude of the total generated adhesion force against each substrate was also recorded
during all the experiments. Adhesion forces were recorded using a dual-range force sensor (at
the +£10 N range with £0.01 N resolution; Vernier Software & Technology, LLC.), which was
connected to the copper sheet — from the top — with an aluminum rod (see Figure 7.3). Force
data collection was conducted by Logger Lite software (Vernier Software & Technology,

LLC.), connected to the force sensor.
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During adhesion tests, the gecko foot pad was dragged across Teflon AF for 2—3 mm and
across PDMS for about 10 mm. This was because dragging the toes further than few
millimeters over Teflon AF led to a significant increase in surface forces that the fibrillar
lamellae on the gecko toe pads were pulled off the toe. Therefore, to obtain consistent results
without damaging the fibrillar feature of the toes, the foot pad was dragged for only few
millimeters over Teflon AF to saturate the shear forces (up to 6-7 N/cm?). Over PDMS, on
the other hand, since less adhesion occurred (maximum up to ~1.5 N/ecm?), the foot pads
could be dragged further. In order to reach the saturation shear adhesion forces, the foot pads
were dragged about 10 mm over PDMS, which did not cause any damage to the fibrillar

feature of the toes.

The magnitude of the van der Waals (vdW) interaction force between two smooth solid
bodies, such as that between gecko toes and the polymer substrates, can be theoretically
determined with the Hamaker method [74,98]. According to the Hamaker method, the vdW-
driven force (F,4w) interacting between phase 1 (a tip of a nano-spatula (considered as a
curved segment of a sphere with radius, R = 2 pum) [2]) and phase 2 (polymer thin film)
across medium 3 at the separation distance D can be calculated by F,qy = — 413,R/6D” [2],
where 4,3, is the Hamaker constant between phase 1 and phase 2, interacting across medium
3. Since the geometry of contact on both Teflon AF and PDMS is the same, the difference
between the vdW interactions of the employed polymers can be simply reduced to the
difference between their Hamaker constants for contact with gecko foot pads. The

corresponding Hamaker constant for each system can be determined according to the Lifshitz
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model [99], where multi-body interactions are considered in the presence of a continuous
separating medium. Considering the dielectric constant of Teflon AF as 1.93 and its
refractive index as 1.31 (which are the lowest dielectric constant and refractive index of all
solid organic polymers) [25], the Hamaker constant for Teflon AF-seta contact would be
5.1x10° J. On the other hand, PDMS, which has a larger dielectric constant (2.65) [155] and
refractive index (1.41) [155] than Teflon AF, has a Hamaker constant of 6.5x1072° J (~1.3
times larger than that of Teflon AF) when in contact with a gecko seta. In contact with both
substrates, the dielectric constant and refractive index of seta was considered as those of

keratin and equal to 16 (as discussed earlier) and 1.55 [162], respectively.

The magnitude of the electrostatic interaction force (F,;) that was generated between the

gecko toe pad and the substrate can simply be determined from [97,122]

ac?

Felc =

- 2&p€,
Equation C.2

where a is the area of contact, g is the contact surface charge density, g is the permittivity of
free space, and ¢, is the effective dielectric constant of the contact interface; ¢, can be

obtained from

D+d;+d, D d; dg

Er Ep & Eg
Equation C.3

where D is the actual separation distance between the foot pad and the polymer thin film,

while d; and d, are the charge penetration depths in the polymer and the nano-spatula at the
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tip of each individual seta, respectively; €;, &, and ep are the dielectric constants of the

polymer, the gecko fibrils (setae), and the separating medium, respectively.

In calculations of CE-driven adhesion forces by Equation C.2 and C.3, the dielectric constant
of the separating medium (ep) was again considered equal to the dielectric constant of air
(i.e., 1). However, it is worthwhile mentioning that by considering even a monolayer of water
at the interface (which is doubtful to form on such hydrophobic materials as Teflon AF and
PDMS at RH of 50+4 %), the force calculations would change by less than ~20%; in
particular, the effective dielectric constant of the interface (g,) for Teflon AF would change
from 3.1 to 3.5 while that of PDMS would go up from 3.9 to 4.6, leading to approximately

20% change in force calculations.
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