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Abstract

Many animals are known to possess the remarkable ability to stick, walk or climb
on any surface. While some of the bigger animals such as monkeys or cats use
their limbs or claws to mechanically grip to available protrusions on a vertical sur-
face to climb up, some smaller animals, such as lizards and insects, can also climb
on smooth surfaces where such a gripping mechanism should not be possible. On
closer inspection, one would find that these animals possess specialised organs at
the bottom of their feet, known as adhesive pads. The adhesive pads have natur-
ally evolved into various forms depending on the animal: some have a dense array
of hair-like structures, some are smooth and flexible, while some also secrete an
adhesive fluid at the bottom. A curious property of these pads, which is not fully
understood, is their ability to control adhesion instantly and achieve fast attach-
ment and detachment as per necessity. Some animals such as ladybugs and geckos,
which possess ‘hairy’ pads, can also surprisingly walk on underwater surfaces. Un-
derwater adhesion is usually difficult to achieve due to the presence of interfacial
water and thus, it is not entirely clear how these animals are able to accomplish this.
In the present work, I attempt to resolve these mysteries by using a combination
of experiments on live insects and numerical simulations. I show that, the surface
tension forces due to the foot’s secretions is the the primary driver of the ladybug
beetle’s adhesion to surfaces. Here, the balance of the different interfacial energies
made by the secretion fluid with the surrounding medium is found to create the
right wetting conditions for the fluid to show strong capillary forces, even when the
insect’s foot is submerged underwater. In order to characterise these secretions,
which are of femtolitre scale volume, I develop a general method to perform surface
tension measurements on microscopic liquid droplets with the help of Atomic Force
Microscopy. I further show, based on a simple theoretical model, that a ‘hairy’ pad
design of the insect’s foot is not only useful to improve contact with most surfaces,
but can also help control its adhesion by simply tilting the foot relative to the

surface. My findings here highlight some new strategies through which underwater
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adhesion can be achieved and controlled, which could potentially inspire the design

of artificial reversible adhesives.
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Zusammenfassung

Viele Tiere besitzen die bemerkenswerte Féahigkeit, auf jeder Oberfléche zu bleiben,
zu gehen oder zu klettern. Wéhrend einige der grofleren Tiere wie Affen oder Katzen
ihre Gliedmaflen oder Krallen benutzen, um sich mechanisch an vorhandenen Vor-
spriingen auf einer vertikalen Oberflache festzuhalten, um hinaufzuklettern, konnen
einige kleinere Tiere wie Eidechsen und Insekten auch auf glatten Oberflachen klet-
tern, wo ein solcher Greifmechanismus nicht moglich sein sollte. Bei naherer Be-
trachtung stellt man fest, dass diese Tiere spezialisierte Organe an der Unterseite
ihrer Fufle besitzen, die als Haftballen bekannt sind. Die Haftballen haben sich
auf natiirliche Weise entwickelt und weisen je nach Tier verschiedene Formen auf:
Einige haben eine dichte Anordnung haardhnlicher Strukturen, andere sind glatt
und flexibel, wéihrend einige auch eine klebrige Fliissigkeit an der Unterseite ab-
sondern. Eine interessante Eigenschaft dieser Ballen, die noch nicht vollstandig
erforscht ist, ist ihre Fahigkeit, die Adhéasion instantan zu kontrollieren und sich
je nach Bedarf schnell anzuhaften und abzulésen. Einige Tiere wie Marienkéfer
und Geckos, die ‘haarige’ Haftballen besitzen, kénnen erstaunlicherweise auch auf
Unterwasseroberflichen laufen. Adhésion unter Wasser ist in der Regel aufgrund
des Vorhandenseins von Wasser an der Grenzflache schwierig zu erreichen, und es
ist daher nicht ganz klar, wie diese Tiere dies erreichen kénnen. In der vorlie-
genden Arbeit versuche ich, diese Rétsel zu losen, indem ich eine Kombination
aus Experimenten an lebenden Insekten und numerischen Simulationen verwende.
Ich zeige, dass die Oberflichenspannungskréfte, die durch die Sekrete des Fufles
hervorgerufen werden, die Hauptursache fiir die Adhédsion des Marienkéfers an
Oberflachen sind. Das Gleichgewicht zwischen den verschiedenen Grenzflachenen-
ergien der Sekretionsfliissigkeit und dem umgebenden Medium schafft die richti-
gen Benetzungsbedingungen, damit die Fliissigkeit starke Kapillarkréafte entfalten
kann, selbst wenn der Ful des Insekts unter Wasser getaucht ist. Zur Charak-
terisierung dieser Sekrete, deren Volumen im Femtoliterbereich liegt, entwickle ich

eine allgemeine Methode zur Messung der Oberflichenspannung an mikroskopis-



chen Fliissigkeitstropfchen mit Hilfe der Rasterkraftmikroskopie. Dartiber hinaus
zeige ich anhand eines einfachen theoretischen Modells, dass ein "haariger" Fufl des
Insekts nicht nur niitzlich ist, um den Kontakt mit den meisten Oberflichen zu
verbessern, sondern auch dazu beitragen kann, die Adhésion zu kontrollieren, in-
dem der FuB einfach relativ zur Oberflache verkippt wird. Meine Ergebnisse zeigen
einige neue Strategien auf, mit denen die Haftung unter Wasser mit Hilfe einer ver-
mittelnden Fliissigkeit erreicht und kontrolliert werden kann, was die Entwicklung

kiinstlicher reversibler Klebstoffe inspirieren konnte.
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1. Introduction

1.1. Motivation and outline

In our everyday lives, we encounter various animals such as lizards or insects which
can effortlessly climb on slippery windows or walls. This ability has fascinated
human beings for centuries as it is an action we can’t perform ourselves without
relying on protrusions to grip with our fingers. Over the past decades, a number of
controlled studies performed on animals ranging from geckos to beetles have shed
some light on this mysterious ‘superpower’ which allow such animals to stick to
surfaces. In general, their legs have a very special design which enhances their
adhesion to a surface. The specific design may vary depending on the species we
are looking at. For example, geckos possess hierarchical hairy nano-structures,
ants or frogs have smooth and flexible foot, while certain flies or beetles rely on a
sticky liquid secreted by their legs. In all cases, the specific design of the animal’s
leg allows it to maximise contact area, even when the surface has microscopic
roughness. Roughness of a surface can otherwise drastically reduce the real contact

area, which is the reason why our fingers don’t stick to a wall like an insect.

Recently it was shown that some beetles can use their hairy adhesive legs to not
only walk on surfaces in air, but also while underwater! This is surprising because
when we look at marine animals, their strategies to achieve adhesion on underwa-
ter surfaces are completely different from that of terrestrial animals. For example,
octopuses rely on suction cups on their tentacles which are manipulated using mus-
cular control to stick and release from the sea rocks. Another example would be
barnacles or mussels, which secrete an adhesive protein to more or less remain per-
manently attached to underwater surface such as the hulls of ships. In comparison,
the humble beetle in question only has microscopic hairy structures on their leg.
While their hairs do contain a tiny amount of secretion, this liquid does no pos-

sess any of the polydopamine or catechol groups, as seen in a mussel or barnacle’s



Chapter 1 Introduction

adhesive secretion. Such molecular groups in the secretion are important, since
they enable underwater adhesion via strong polar interactions with the surface, as
well as, by displacing the intermediate water layer that might hinder contact and
adhesion. Ladybugs, on the other hand, are known to only secrete an oily liquid
mixture of mostly hydrocarbons. Thus the question arises how they manage to

adhere so well to underwater surfaces?

Another curious ability of these animals is that they can not only stick well to
most surfaces, but can also easily detach themselves as per necessity. Of course,
simply having sticky legs won’t be much useful if they also desire to move around!
But, we see insects or lizards easily sticking to our home’s walls while also running
around just like they would below on the floor. It seems that the special design of
their foot should also allow a certain level of control over adhesion. In the case of
the ladybug, for example, perhaps the hairy structures on its legs could somehow
influence its net adhesion depending on how the the leg is oriented relative to the
surface. What strategies could the ladybug then utilise to efficiently control its legs

to modulate its adhesion for locomotion?

The primary aim of this thesis is to understand the fundamental mechanisms by
which such terrestrial beetles are able to reversibly adhere and walk underwater. A
previous study hypothesised that an air bubble trapped around the beetle’s hairy
leg should mediate its adhesion through surface tension forces. In Chapter 3, I
will test this claim by performing adhesion experiments on live ladybug beetles.
The experimental results are compared with theoretical predictions based on a
model to quantify the relative contribution of the trapped air bubble in underwater
adhesion. Here, I find that its rather the surface tension force resulting from the
insect’s oily secretion that plays a dominant role in underwater adhesion. In order to
characterise the nature of such secretions, in Chapter 4, I develop a new method to
measure surface tension of microscopic liquid droplets. The method relies on Atomic
Force Microscopy (AFM) experiments performed on a microdroplet (volume in the
order of femtolitres) deposited on a surface, together with numerical simulations
to calculate surface tension. Chapter 5 focuses on the aspect of reversibility of
insect adhesion. A simple model is presented showing the different mechanisms
by which the insect possessing a hairy foot could easily modulate the adhesion
force by mechanically reorienting its leg. This would result in an in-homogeneous
deformation of its hairs, resulting in a significant reduction of the leg’s net adhesion

force. Finally in Chapter 6, I will discuss the possible impact of my work in the
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fundamental understanding of animal adhesion, with a potential to develop new
bio-inspired reversible adhesives that would show good adhesion in both air and

underwater conditions.

My research work described in the subsequent chapters have been either already
published in scientific journals or is currently under peer-review. Chapter 3 and

Chapter 5, respectively, are taken from my following publications:

1. Sudersan, P.; Kappl, M.; Pinchasik, B. E.; Butt, H. J.; Endlein, T. Wetting
of the Tarsal Adhesive Fluid Determines Underwater Adhesion in Ladybird
Beetles. Journal of Experimental Biology 2021, 224 (20). https://doi.org/
10.1242/jeb.242852.

2. Sudersan, P.; Kappl, M. Mechanisms of Detachment in Fibrillar Adhesive
Systems. Journal of Theoretical Biology 2023, 557, 111315. https://doi.
org/10.1016/j.jtbi.2022.111315.

My work described in Chapter 4 has already been submitted to a journal and, as of
April 2023, is being presently reviewed. All works were and will be published under
the open-access CC BY 4.0 license, which allows me to reuse the published material
for this dissertation. All reported experimental and theoretical work reported in

this dissertation were performed by myself, unless explicitly stated otherwise.


https://doi.org/10.1242/jeb.242852
https://doi.org/10.1242/jeb.242852
https://doi.org/10.1016/j.jtbi.2022.111315
https://doi.org/10.1016/j.jtbi.2022.111315
https://creativecommons.org/licenses/by/4.0/

Chapter 1 Introduction

1.2. Forces in nature

Before we look at the detailed adhesion processes that exist within the animal king-
dom, let us first address a more fundamental question: How do things stick to each
other? The answer to this question of course depends on what kind of “things”
are we looking at and under what conditions. The standard model of physics has
so far found four fundamental forces in nature, which are namely, electromagnetic,
gravitational, strong and weak nuclear forces®®. Here, electromagnetic force is the
most relevant in the context of macroscopic interactions. It not only explains some
obvious cases of attraction or repulsion caused due to charged bodies or electric
current in a coil, but rather is quite ubiquitous in nature and is the fundamental
source of most physical and chemical interactions that one may encounter. De-
pending on the specific conditions, electromagnetic force can manifest in various
forms. Each of these forms of force could instead be conveniently expressed in
terms of a model that relies on a relevant set of experimental observations specific
to that condition. For example, many of us might have experienced during a nice
summer holiday in a beach that sand needs to be wet in order for them to be sticky
enough to make a sand castle. Any attempts to make a castle with dry sand will
only end in frustration. What is the reason for this simple phenomenon? And how
would one estimate the forces that seem to be keeping the sand particles intact
when wet? In this section, I will overview the several relevant forms through which
electromagnetic force expresses itself in nature. The mechanisms of these different
forces would later provide us the necessary foundation to understand the adhesive

properties of an animal foot.

1.2.1. van der Waals forces

All molecules inherently show attractive interaction force with any other molecule
when they are close to each other. The forces referred to here are different from the
ones responsible for atoms to covalently bond with other atoms via sharing elec-
trons. Rather, even neutral molecules like Hydrogen or Helium possess attractive
forces, which makes it possible for these gases to be condensed into liquid state if
cooled sufficiently. This seemingly mysterious universal force that exist between
all molecules are called “van der Waals” forces, in honour of the Dutch physicist

Johannes Diderik van der Waals®2.



1.2 Forces in nature

The origin of van der Waals forces can be understood by considering electrostatic

dipole interactions between molecules'”.

For example, depending on the relative
electronegativity and bond orientation between the constituent atoms, many mo-
lecules possess an inherent dipole moment. This could be imagined as an apparent
shifting of the electron cloud towards the more electronegative atom of the mo-
lecule, leading to a dipole like behaviour. Classical electrostatic theory shows that
the interaction potential between two dipoles depends on the their respective dipole
moments (1, fi2), orientation angles (6, 0, ¢) as well the separation distance (D),

as given by:

M2

= Trne D? (2 cos 0y cos Oy — sin Oy sin Oy cos ¢)
L€

Molecules are however free to reorient themselves randomly due to thermal motion.
If we consider two freely rotating dipole molecules, their net interaction will be a
thermal average of all possible orientations following the Boltzmann distribution.
This ultimately results in a net attractive force between the molecules. This is
termed as Keesom interaction, whose potential energy follows: Vicesom = ’C’biﬁ”’"
Another possible situation is when a dipole molecule interacts with a polarizable
molecule. Here, a dipole moment is induced into the polarizable molecule, resulting
in a permanent to induced dipole interaction. A similar thermal averaging results in

a net interaction called as Debye interaction, with potential energy: Viepye = 7%%

Keesom and Debye interactions rely on at least one molecule acting as a perman-
ent dipole and thus fail to explain the attractive interaction seen in dipole-neutral
molecules such as Hydrogen or Helium. However, even neutral molecules create
momentary dipoles at every instant as a result of their electron clouds oscillating
around the nuclei, a mechanism that can be described in detail by quantum mech-
anical fluctuation theory. To put it simply, when any two molecules with oscillating
electron clouds come near by, their electron clouds on average have a higher prob-
ability to assume orientations that favour attractive interactions. These resultant
net attractive forces are called London dispersion forces, which exist universally
between all molecules. Similar to others, it follows a potential energy dependence

as: Viondon = 7Cllggdon~

van der Waals between two molecules is thus defined as the sum of Keesom, Debye

. . . . — — —C, —
and London dispersion interactions: Vigy = =Ss = =Chegeom | —“debve 4 —Clondon

Surprisingly, it has been observed that the London dispersion term usually domin-
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ates, even for highly polar molecules such as alcohols. This further highlights the
rather important and ubiquitous nature of van der Waals forces. Typically, van der
Waals forces are considered relevant below distance D < 10 nm, beyond which the
force trend decreases more steeply. This steep decrease in force is due to a so-called
retardation effect as a consequence of the finite speed of electrostatic interactions

in comparison to the electron cloud oscillation rates.

A relatively convenient model to estimate van der Waals forces between macro-
scopic bodies is by relying on the so-called Hamaker approach. Here, a simplified
assumption of pairwise addition of the interacting dipole moments between each
pair of molecules is used, without considering the possible influence of a third mo-
lecule’s dipole on the pair’s interaction. In this manner, the net attractive van der
Waals force can be derived by integrating all interacting pairs of molecules. For

two infinite planes, the resulting force per unit area is derived to be:

— Ay

—_— 1.1
67 D3 (1.1)

fvdW,plane -

where Ay is the Hamaker constant for the two bodies separated by a given medium.
For other arbitrary geometries, deriving a similar expression between the two mac-
roscopic bodies by integration would be challenging. In such cases, one may use the
Derjaguin approximation® to obtain a relation for van der Waals force, provided
that the geometry’s curvature is much larger than the characteristic decay length

of the interaction force.

The above mentioned Hamaker approach is only an approximation because pair-
wise additivity of interactions is not valid for cases where the molecules are densely
packed (for e.g. in solids), where the influence of the neighbouring molecules on a
molecular pair’s interaction potential can no longer be neglected. A more quantit-
ative method for estimating van der Waals forces was introduced by Lifshitz based
on previous work by Casimir®. In this approach, the electromagnetic fluctuations
in the molecule, which are related to material’s dielectric properties, are considered.
Spectroscopic data can thus be used for precise estimation of the van der Waals
force between two bodies by using Lifshitz theory. In fact, even the above mentioned
Hamaker constants can be calculated from this method. A detailed description of
Lifshitz theory however goes beyond the scope of my dissertation. I would direct
the reader to Chapter 3 of the book by Butt and Kappl'” for a good introduction

on this topic and Parsegian’s book™ for more details.



1.2 Forces in nature

The strength of van der Waals attraction between two bodies is determined by two
factors: 1) the surface topography of the contacting bodies and 2) the dielectric
properties of the bodies and the in-between medium. If we look at the macroscopic
interaction relation (equation 1.1), we see that the force scales as an inverse power
exponent of three rather than six that is seen for a microscopic interaction between
two molecules. Thus, macroscopic van der Waals interaction force can be sufficiently
long ranged for it to have a significant contribution between two bodies, provided
they are under close contact. However, a close contact between two bodies can
be severely hampered if their surface topography also changes beyond the length
scales under which van der Waals interactions start to have an effect. For example,
a typical value of Hamaker constant for two perfectly flat materials in vacuum is of

the order of 10720 Joules'”. If the surfaces are each of 1 mm?

area, equation 1.1 tells
us that the attractive force would drop from roughly 0.5 N to 0.004 N when the
separation distance, D, is increased from 1 nm to just 5 nm! This means that for a
rough surface, if the peaks and valleys of the topography differ by 5 nm or more, the
total effective contact distance is significantly reduced, which consequently results
in a low net attraction due to van der Waals force. Further, if an intermediate layer
of water is present, the Hamaker constant between the surfaces is further reduced
by an order of magnitude due to the high dielectric constant of water. Thus in
underwater conditions, van der Waals attraction between surfaces will no longer
be significant. As we will see later, nature has figured out some clever ways to
overcome these limitations in order to achieve strong van der Waals adhesion. For
example, geckos possess a dense array of microscopic hair-like structure called setae
on their foot, which further sub-divide into soft nano-scale spatulae structures that
enable them to achieve a good close contact to most surfaces despite roughness. In
this manner, a gecko takes advantage of van der Waals forces to stick to surfaces”.

We will discuss the topic of biological adhesion in more detail in a later section.

1.2.2. Capillary forces

Imagine the interface between two fluid phases, for example, the surface of a li-
quid surrounded by ambient air. If we zoom into this interfacial region up to the
molecular scale, we would find that the molecules of the liquid and air interact
with each other through various intermolecular forces, such as van der Waals force

(as described above) or hydrogen bond forces. Usually, molecules of one kind are
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preferably more attracted to its same kind. This means that, unlike the molecules
sitting inside the bulk liquid, a liquid molecule near the interface interacts with the
neighbouring liquid molecules from the same phase, and with the air molecules from
the surrounding phase in a nonuniform fashion. This unbalanced net interaction
can be considered to be an energetic penalty wherever an interface exists. We term
this energetic penalty as surface energy, or more generally, as interfacial energy.
Formally, interfacial energy is the energy required to increase a unit area of a given
two-phase interface. Alternatively, one may also imagine the interface to be under
a constant state of tension along its plane as a consequence of the net unbalanced
molecular interaction near the interface. This tension acting per unit length along
the interface is termed as surface tension or interfacial tension'. Both interfacial
energy and interfacial tension have identical numerical values, where, the former is
typically expressed in the units of mJ/m?  while interfacial tension has the units
mN /m.

Even though interfacial tension has a molecular scale origin, it effects several mac-
roscopic phenomena. For example, a small water droplet suspended in air assumes
a spherical shape to minimise its total interfacial energy, since a sphere is the geo-
metric shape with the lowest surface area for a given volume. Similarly, several
other phenomena such as, the rise or depression of liquids inside a capillary tube,
wetting of liquids on different surfaces, adhesion of wet sand particles, to name a
few, can all be explained to be a result of interfacial tension. For a more formal
mathematical analysis, it is imperative to study one of the fundamental equations
which resides at the heart of all interfacial phenomena: the Young-Laplace equation,
which was introduced by Thomas Young (1805) and Pierre-Simon Laplace (1806)
independently and later expressed in a simpler form by Carl Friedrich Gauss (1830)

as commonly used in the present time!%.

Before we look at the final expression, let us quickly go through a simple way
to derive the Young-Laplace equation. Consider a small circular area element of
diameter, d, on an arbitrary curved interface between two phases. The curvature of
this area element can be imagined to be a result of a certain pressure difference, AP,
between the two phases. Now, we can perform a force balance across the element,
where, AP on the area is balanced by the normal component of the net force due
to the interfacial tension, . The second term can be calculated by considering two
orthogonal lines of length, di, along the area element and integrating along quarter

of the total contact line (Figure 1.1). Thus, the force balance looks like:
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v

Figure 1.1.: Derivation of Young-Laplace equation

AP"ﬂ'd2/4:/’7'dl'SiHOé1+’7'dl'SiH()é2 (1.2)
For a small area element, sina; ~ a; = ﬁ and sinas ~ oy = %. Integrating

equation 1.2 and simplifying, we obtain the final expression of the Young-Laplace

equation, given by:

1 1
Ap—~ (L L .
7 <R1+RQ> (1.3)

Here, AP is the so called Laplace pressure between an interface, whose shape can
be expressed in terms of its principal curvatures R; and R,. Thus, for a given
liquid interface if we can easily calculate the Laplace pressure, surface tension or
the interface shape by using the Young-Laplace equation if we know the remaining
two parameters. This is quite powerful, because we can calculate the equilibrium
condition of a liquid interface using only three parameters, which would otherwise
have required a rigorous analysis of the various intermolecular forces that exist for

a given interface.

To illustrate this with an example, let us consider the case of pair of flat and

rigid substrates separated by a thin layer of liquid (Figure 1.2). One may have
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experienced a similar condition when you accidentally drop your credit card on a wet
floor or table, where it can be a little tricky to pick it back up, due to an apparent
adhesion between the card and the wet surface. What is the origin of this adhesive
force? Of course, one may analyse this situation rigorously from a molecular point
of view, where, the solid, liquid and air molecules interact with each other at
their respective interfaces and ultimately cause a net attraction between the two
substrates mediated by the liquid. However instead, we will calculate this adhesion
force in a much simpler way by utilising the Young-Laplace equation. Referring to
Figure 1.2, the liquid layer at the air-liquid interface will assume a curved shape,
where, the Laplace pressure is related to the liquid curvature and surface tension
as given by equation 1.3. The net adhesion force between the liquid layer and
the solid substrate will have two components: 1) Force due to Laplace pressure
acting along the solid-liquid contact area, A, and 2) The vertical component of the
surface tension force acting along the solid-liquid contact perimeter, L. Together
with equation 1.3, we can thus express the net adhesion between the two substrates

as:

ST A WS R w
Here, the adhesive force, Fi,,, between two solid surfaces separated by a thin liquid
bridge is generally termed as the capillary force . Thus, if we know the shape of
the liquid meniscus, the contact angle, 8, between the liquid and the surface, the
surface tension of the liquid and the contact area/lengths, we can use equation 1.4
to calculate the capillary force. For more complicated cases, for example, when the
surface has an arbitrary geometry or the solid-liquid interface follows a constant
contact line boundary condition (‘pinning’) rather than having a constant contact
angle, then calculating the principle curvatures, R; and Rs, is not trivial. In such
cases, the equilibrium shape of the liquid interface can be numerically calculated by
following an interfacial energy minimisation routine in a software such as Surface
Evolver (described later in Chapter 2)'2.

In equation 1.4, the static contact angle, #, is an important parameter within the
context of wetting phenomena of liquids to different surfaces. The specific value of 6
between a liquid drop and a solid surface depends on the relative interfacial energy
values of each of the solid-liquid (v4), liquid-gas (7;,) and solid-gas (7,,) interfaces

near the three-phase contact line. The relation between the contact angle and these
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1.2 Forces in nature

Figure 1.2.: Capillary bridge between two flat surfaces

interfacial tensions under equilibrium condition is described by the Young-Dupré

equation:

’)/lg COSG = P)/sg — Vsl (15)

In the field of wetting?’, surfaces are, by convention, categorised into two types
depending on how well water wets on them. When a water drop has an equilibrium
contact angle less than 90°, the surface is said to be hydrophilic. On the other
hand, for 6 greater than 90°, the surface is hydrophobic. Under ideal conditions,
a surface should have a constant contact angle value. However, real surfaces have
random micro or nano-scale heterogeneity, either physical or chemical in nature.
Thus the quantity contact angle hysteresis is measured for a given liquid on a
surface to get a more complete picture of the surface wetting properties. This
measurement is made by observing the contact angle of a liquid interface while it
is either advancing along the surface ( 044,) or receding back ( 6,..). The difference
between the advancing and receding contact angles is called as the contact angle
hysteresis, 0nys = 04dgo — Orec. An ideal surface would have 8, = 0°, while higher
values of 6y, (typically greater than 10°) indicate a higher level of structural or
chemical heterogeneity on the surface!®. The static contact angle of the liquid on
a surface, 6, can take any value between 6,4, and 6,.., depending on how the drop

is placed on the surface.

Knowledge of contact angle is important since it influences the strength of capillary
force due to a liquid bridge (equation 1.4). In general, the liquid should wet the
surface quite well (i.e. low 0) for it show strong capillary forces. The presence of a
liquid bridge also eliminates the problem of ‘close contact’ seen in the case of van
der Waals force between two rough surfaces. If the liquid can wet the surface, it

would fill all the valleys of the surface topography and thus can interact quite well

11
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with both surfaces due to the large contact area. Thus, the two surfaces separated
by a liquid bridge can in principle show even higher attraction due to capillary force

when compared to their van der Waals force in the absence of the liquid bridge.

1.2.3. Other forces

1.2.3.1. Hydrodynamic forces

In the previous section, I only considered liquid under static conditions when defin-
ing the capillary force. However, when liquids are under flow, an additional force
comes into picture. A classic example is where we consider two parallel plates of
area, A, which are a vertical distance, Az, apart and filled with liquid in between.
The force, F required to slide one of the plates laterally at a particular velocity,

Av, while maintaining Az is given by:

F=nA—
g Ax

Here, 1, a physical property of the liquid, termed as viscosity. The above equation
tells as that the liquid offers a resistance to flow which, in this case, was induced by
the motion of the plate in contact with it. One may thus imagine viscosity to be
a measure of resistance offered by a liquid against flow, where the resistance force
is called the hydrodynamic force. As one may expect, knowledge of the liquid flow
profile for a given condition is necessary to calculate the hydrodynamic force. For
a general case, the dynamic flow profile of a liquid is governed by the Navier-Stokes

equation:

plg:—i—(ﬁ-V)U] =9V —VP+f (1.6)

where, U is the velocity vector field describing the liquid flow, VP is the pressure
gradient in the direction of flow and fis any other external force field which could

influence the liquid flow, such as gravity.

We have already seen in the previous section that the capillary force required to
separate two flat plates with liquid in between can be calculated from equation 1.4.
But what about the hydrodynamic force? When we vertically separate the plates

apart at a particular velocity, v, the liquid in between would radially flow inwards

12
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which causes a resistance against separation. This vertical hydrodynamic force can

be derived using the Navier-Stokes equation as:

_ 3myurt

F="k (1.7)

where, r is the radius of the plates (assumed to be shaped like disks here) and d is

the plate separation distance!”.

1.2.3.2. Elastic forces

All solid materials undergo deformation when a certain force is applied to it. If
this deformation is sufficiently small relative to the size of the material, then the
material will return back to its undeformed state when the applied force is removed,
similar to a spring. This property of the solid is called elasticity, where, the material
deforms linearly with respect to the applied force. In the theory of solid mechanics,
stress and strain are usually used as parameters to conveniently quantify the applied
force and deformation. In the elastic regime, the general expression for material
deformation is given by, 0 = Fe, where, o is the stress, which is applied force per
unit area, € is the strain, which is the deformation relative to the length of the
material, and F is the Young’s modulus, which is a physical property quantifying
the material elasticity. The above expression tells us that if a material is brought
into an elastically deformed state, then any other body in contact with it will
experience an opposing force, called the elastic force, acting along the direction of

material deformation.

Elastic forces can influence the net adhesion between materials if one of the con-
tacting bodies undergoes sufficient deformation. A classical example in contact
mechanics was derived by Johnson, Kendall and Roberts (JKR theory), which ex-
pands on Hertz theory of deformation between two material by also considering
the contribution of adhesion between the materials®. Here, the release of elastic
energy due to deformation is compensated by a gain in the surface energy due to
the adhesive interaction between the two surfaces during the contact process. The
adhesion force, F', between a rigid sphere of radius, R, in contact with a flat elastic

surface of modulus, F, can then be derived to be:

3
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Here, w is the adhesion energy per unit area of contact between the two materials.
If both bodies had been completely rigid, the adhesion force would be equal to
2rwR, as derived by Derjaguin. This difference illustrates the effect of the stored
elastic energy on adhesion. It is quite curious that the adhesion force in equation 1.8
above is independent of the elastic modulus, E. This is however purely a geometric
effect. In the case of a different contact geometry, for example, a rigid cylinder of
radius, R, in contact with a flat elastic surface®®, the adhesion force based on the

JKR theory would depend on FE, as given by:

F=vV8rtR3FEw

1.2.3.3. Friction forces

Our discussion so far has been limited to adhesive forces, which acts along the
normal direction. But what about lateral forces? If two solid bodies under contact
is moved relative to one another parallel to the plane of contact, there exist a
force that resists this motion. This lateral resistance force between two surfaces
is called friction force. Friction has been studied over the past several centuries,
where the first known systematic experiments were done by da Vinci. Despite its
seemingly simple effect, the underlying mechanisms that govern friction is in fact
quite complicated. No general theory exists that can predict friction based on the
physical properties of the involved materials, which necessitated the creation of an
entirely new branch of science devoted to its study: tribology. Here, I will briefly
summarise some of the popular models used describe our current understanding of

friction.

Several empirical models have been however proposed to calculate friction forces.
For the case of a dry contact, Amontons law states that the friction force (F')
between two rigid bodies is proportional to the normal load (V) and is independent
of the apparent contact area. That is, F' = uN, where the friction coefficient,
[, is an empirical constant specific to a particular pair of contacting bodies. It
has been observed that p can have two different values depending on the state of
relative motion between the contacts. The static friction coefficient determines the
minimum friction force necessary to initiate lateral motion, whereas, the kinetic
friction coefficient gives us the constant friction force between the two bodies while

they are under relative motion.
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1.3 Adhesion in animals

While Amontons law is correct empirically, a microscopic picture of the contact
reveals that the independence of friction to contact is area is not quite true. Since
roughness exists between all surfaces at various length scales, the ‘real’ contact
area can be quite different from the macroscopic contact area. The surfaces only
contact each other on these microscopic asperities, which would further deform,
either elastically or plastically, due to normal load. Thus, the dependence of friction
to normal load, as given by Amontons law, is in fact a result of the ‘true’ contact
area between the microscopic asperities deforming under load. Some notable models
for friction which consider this microscopic picture are the Bowden-Tabor model

and the Greenwood-Williamson model?.

For the case of wet contact, otherwise called a lubricated contact, the friction force
is generally reduced due to the presence of an intermediary liquid layer between the
two surfaces. Here, the thickness of the liquid layer is crucial, and leads to different
regimes in the resultant friction. When the layer is thick such that the surfaces are
completely separated, the system is under hydrodynamic lubrication regime leading
to very low friction forces. Here, continuum fluid dynamics models (e.g. equation
1.6) could be used to calculate friction. For small fluid thickness in the range of
molecular or surface roughness length scales, the friction force is relatively higher
and independent of the fluid viscosity, i.e. under the boundary lubrication regime.
This regime would however still show a smaller friction force when compared to the
case of a dry contact, since the fluid layer reduces the surface energy. Intermediate
fluid thickness results in a combined effect of both hydrodynamic interactions due
to the fluid, as well as the intermittent contact of the surface asperities. Such a

condition is classified under the mized lubrication regime!”.

1.3. Adhesion in animals

Animals, in general, have specialised organs known as “adhesive pads” that make
contact with the surface during locomotion. As the name suggests, the primary
function of such adhesive pads is to ensure they can adhere or stick to a surface,
either during locomotion, or stay attached to a particular spot for an extended
duration without slipping away. Nature through its countless species and evolution
pathways has come up with several designs of such adhesive pads relying on unique

strategies to achieve adhesion. In this section, I will overview the most commonly
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Figure 1.3.: Smooth and hairy adhesive pads of a male dock beetle (A,B,C) and
Indian stick insect (D,E,F) respectively. C and F shows the corresponding contact
images of the pad against a transparent glass surface'.

studied adhesion mechanisms employed by various organisms in either air or an
aquatic environment. Finally I will discuss the special characteristic of such pads
that allow them to reversibly attach and detach from surfaces for countless cycles
without significantly losing their adhesion capability, a process I term as “reversible

adhesion”.

1.3.1. Adhesion in air

Everyday experience tells us that many animals such as lizards, ants, spiders and

a myriad other insects can easily climb vertically up on walls or trees, defying

244197 " The question on how these animals climb smooth and slippery sur-

46,85

gravity
faces has fascinated scientists for the past three centuries**®°. Clearly, their legs
possess some form of adhesive properties that allow them to passively perform such
a feat. For terrestrial animals in air, the geometric design of their foot, generally
termed as adhesive pads, can be broadly classified into two types: ‘smooth’ and
‘hairy’ (Figure 1.3). Irrespective of the specific design, a general goal of an adhes-
ive pad is to maximise its contact against any surface, since a higher contact area

between the pad and surface generally result in a higher adhesion.

A ‘smooth’ adhesive pad can be seen in certain insects such as ants or cockroaches

16



1.3 Adhesion in animals

as well as some amphibians like frogs. Here, the pad is composed of a very soft
material, which allows it to conform to the surface roughness of certain length scales,
thus enhancing the real contact between the foot and the surface. In some insects,
for example in ants, the pad also secretes a tiny amount of fluid, which would make
an additional contribution to the adhesion through capillary forces (Figure 1.4).
The second category is the so called ‘hairy’ adhesive pad design, seen in certain
reptiles such as geckos and other insects like house flies, beetles etc. In this case,
the adhesive pad comprises of a dense array of hairlike structures, known as setae,
where the contact with the surface occurs through its setal tips. An extensively
studied example of an animal with hairy adhesive pads are geckos, since they are
the largest land animals that can climb up on surfaces by relying primarily on their
leg’s adhesion rather than mechanical gripping. It was shown that an individual
seta of the gecko’s pad interacts with a surface through weak attractive van der
Waals forces”. Since these setae have flat spatulae shaped tips that are very small
of the order of 200-500 nm and are densely packed as a hierarchical array on each
pads (roughly 5000 setae per mm?), the net combined effect of all setae results
in the leg having a significantly large adhesion force that can easily support the
gecko’s body weight®. The hairy adhesive pad design also enhances the real contact
area by conforming to the roughness of a surface. But unlike a smooth pad, the
setae does not need to be made of a very soft material. Their high aspect ratio
geometry allows them to conform along the microscopic surface features simply by
bending, even if the individual seta comprises of a relatively stiff material (Figure
1.4). Thus, such a design is much more resilient to mechanical wear on repeated

contact, in comparison to the soft smooth pads.

Animals such as ants, bugs or frogs, irrespective of the their pad design being
‘smooth’ or ‘hairy’; are also known to secrete some fluid which mediates the pad’s
adhesion. The secreted fluid are typically a mixture of hydrocarbons with traces
of triglycerides, fatty acids and cholesterol®3™%'. The role of the secreted fluid
in the animal’s attachment is however not completely understood. The secretion
certainly does not act like a conventional ‘glue’, since the animal would also want to
easily detach its leg for locomotion rather than staying permanently attached to a
fixed spot. Forming a strong chemical bond with the surface is thus not an option.
However, presence of an intermediate fluid layer can still contribute to adhesion in
two ways: capillary force (equation 1.4) and hydrodynamic viscous force (equation

1.7)23661 - Our discussion from the earlier section tells us that thinner the fluid
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Figure 1.4.: Representative schematics showing a ‘smooth’ (A, B) and ‘hairy’ (C,
D) adhesive pad in contact with an arbitrary rough surface. The specific case
where the pad also secretes an adhesive fluid (yellow) is shown in B and D.
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layer, stronger will be the adhesion contribution for both these kinds of forces.
Insects like ladybugs do in fact secrete a very tiny amount of oily fluid, roughly one
femtoliter per seta, in order to maximise adhesion”™. But why use a secretion in the
first place, since a dry contact should in principle have a relatively larger adhesion
due to van der Waals force? A possible explanation to this is that for practical
cases the secreted fluid in fact enhances adhesion by maximising the contact area
between the leg and a surface. All surfaces, especially in a natural environment,
have micro-scale roughness which would significantly reduce the real contact area
if the pad were under a dry contact i.e. without any intermediary secretion. But
in the presence of a secretion, the fluid would fill the gaps between the asperities
of the rough surface (Figure 1.4). In this way, the secreted fluid enhances the real
contact area and consequently also the adhesion of the pad relative to that of a dry
contact. In this case, the adhesion is mediated by the fluid’s interactions with the

surface, where the fluid acts like a ‘bridge’ connecting the pad to the surface.

1.3.2. Adhesion underwater

Unlike terrestrial animals, marine animals such as octopuses, mussels, barnacles and
cling fishes seem to rely on completely different strategies to adhere on underwater
surfaces. In general, the presence of water imposes several challenges to adhesion
even if the two contacting surfaces can stick quite well to one another in ambient
air. Firstly, its difficult to completely drain out the intermediate water layer in
order to establish a direct contact between the two adhering surfaces. Presence of
the water layer significantly reduces the Hamaker constant leading to a low van
der Waals adhesion. Secondly, water can erode an adhesive due to hydrolysis or
swelling”®. This is particularly a problem seen in many artificial adhesives, where,
the water eventually causes a failure of adhesive contact. So how do marine animals
solve this problem? Their adhesive organ design can be generally classified into two

types: suction cups and glue-like adhesive proteins.

The suction cup design has been observed in several marine animals such as oc-
topus, cling-fish®, diving beetle?? or midge larva®’. Here, adhesion is achieved by
generating a pressure difference between the water inside the cavity of a cup shaped
structure and the surrounding water (Figure 1.5). Since water is in-compressible,
deformation of the cup by muscular action is not compensated by a change in

volume, which in turn creates a suction force due to the resultant pressure dif-
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Figure 1.5.: Suction cups of a clingfish (A) and octopus (B) used as attachment
organs to adhere to underwater surfaces®

ference. A similar muscular control can also help release the cup pressure, thus
allowing the animal to easily attach and detach to an underwater surface during
locomotion. In order to achieve strong adhesion, it is crucial that the rim of the
suction cup is properly sealed so that the generated pressure difference can be main-
tained during contact. It has been observed that the suction cups of octopus or
midge larve possess microscopic structures around the cup rim which could aid in
the sealing of the cups, although the detailed mechanism of this process is still not

completely understood”?.

On the other hand, there are several marine organisms such as mussels and barnacles
that stay attached to an underwater surface by secreting some special proteins.
In the case of mussels, the adhesive proteins mostly constitute 3,4-dihydroxy-L-
phenylalanine (DOPA), where, the catechol group can make strong hydrogen bonds
which can effectively displace water in order to bond with a hydrophilic surface such
are silicate rocks”. A similar strategy is also employed by barnacles, where they
rely on a network of adhesive nanofibers comprising of hydrophilic proteins that can
bond very well to surfaces underwater®”. In either case, the adhesive proteins here
act like a glue to enable a nearly permanent underwater attachment. This makes
practical sense for mussels and barnacles since they follow a sedentary lifestyle. But
in order to feed on nutrients from the water more effectively, they tend to attach to
rocks that experience high water currents. A strong underwater glue-like adhesive

mechanism is thus essential for their normal biological function.

A particularly anomalous observation of underwater adhesion was reported in a
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recent study by Hosoda and Gorb*7. A terrestrial green dock beetles Gastrophysa
viridula was found to attach to surfaces underwater by using such an air bubble.
Their naturally hydrophobic tarsal hairs trap the bubble around the pads when
being submerged underwater, which de-wets the surface on contact. It has been
hypothesised that a combination of capillary forces due the air bubble and hair
secretions within the de-wetted area results in its adhesion underwater. However,
it remains unclear if an air bubble is necessary for adhesion and what, if any,
contribution it has to adhesion. The oily tarsal adhesive fluid found in insects
alone might be sufficient in creating the necessary capillary adhesion even without
a bubble, given that the fluid remains on the hair tips when submerged. I will

investigate this particular question in more detail in Chapter-3 of this dissertation.

1.3.3. Biomechanics of adhesion

Among the various designs of adhesive organs that I have discussed so far, a par-
ticularly fascinating case, which would also be a focus of my dissertation, is that
of the hairy adhesive pads. Over the past two decades, an extensive study of this
design seen in different animals have improved our understanding of its underlying
biomechanical principles. In fact, the hairy pad design has also inspired the fabric-
ation of artificial adhesives that have applications in bio-inspired climbing robots,
pick-and-place operations and reusable adhesives*. So how does the hairy design
improve the adhesion function? Firstly, an array of setae can bend and conform
quite well to rough surfaces, as mentioned earlier. Secondly, they are more resili-
ent to surface defects, since any loss of contact initiated by crack propagation is
contained with the corresponding setal contact, and thus offers a much reliable ad-
hesion. Thirdly, the setae in animals usually occur in different geometries that are
typically asymmetric. For example, the setae of beetles can be discoidal, spatula
shaped or pointed tips that are distributed throughout the pad depending on sex

or species'.

The setal geometry can significantly influence adhesion. Single seta
force measurements had revealed that discoidal shaped seta show larger pull-off
forces than spatula shaped or pointed setae!®. In some cases such as in spiders or
geckos, the setae can branch into even smaller fibrillar units. Such specific geo-
metric design helps to not only enhance adhesion, but also allows the animal to
modulate its adhesion during locomotion. Lastly, the hairy pad design seems to

have also a self-cleaning property, making its adhesion resilient to dirt after re-
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peated contacts during locomotion. The exact mechanism of this property is not

entirely understood?.

Arzt et. al.® pointed out a general scaling law that exists in the natural design
of hairy pads seen across a range of species. By comparing the number density of
the setal structures against the body mass (Figure 1.6), they showed that heavier
the animal, denser is the setal array. This indicates that having a larger number
of contact points per unit area (V) is more adhesive than having fewer contacts
within the same area of a pad. This effect is generally termed as ‘contact splitting’
Contact splitting effect can be explained by assuming a JKR contact (sphere to
plane) between the setal tip and surface (equation 1.8). If the setal contact radius
scales linearly with the setal diameter, then it can be shown that the net adhesion
force of the array is proportional to /N, i.e. adhesion can improved by splitting a
contact into smaller sub-contacts which highlights the design advantage of a hairy

adhesive pad.

An energetic argument could also illustrate the superior adhesion of a hairy pad.
The energy required to separate a pad from the surface is termed as work of adhe-
sion (Wagn). During detachment, the elastic energy stored in the hair is dissipated,
which would increase W,q, and thus enhance adhesion®®”". The size of the in-
dividual hairs is also an important parameter since it controls their resistance to
contact defects. Based on a cohesive zone model, Hui et. al.®® had identified two
regimes of single hair detachment: 1) a flaw sensitive regime, where, for large
hair radius, contact failure occurs due to crack propagation, initiated by a stress
singularity at the edge of the hair, leading to low pull off stress; 2) a flaw insensit-
ive regime, where, for small hair radius, the contact interface fails simultaneously,

leading to high pull off stress.

A natural question that arises in the context of animal adhesion is: how do they
effectively control their adhesion? Control of adhesion is a crucial part of the
whole picture, without which the animal would be forever stuck to the same spot,
essentially turning their ‘superpower’ into a liability! So, how do animals reversibly
adhere to surfaces? Tian et. al.” had shown that the spatula-shaped setal tips
of a gecko’s toe allows it to modulate adhesion up to three orders of magnitude
by laterally sliding and controlling the pulling angle to reorient the contacting
setae. Here, the detachment of an individual seta was modelled based on Kendall’s

32,59

peeling theory®=°?, which predicts low adhesion at high peeling angles. Due to the
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Figure 1.6.: A) Hairy adhesive pads of various animals, where the smaller sizes
are seen for larger animals. B) The general scaling law of the number density of
the setal array relative to the animal mass®
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Figure 1.7.: The curved shape of the setae allow them to easily attach and detach
to a surface®
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asymmetric spatula-like shape of the setae, pulling the leg towards the gecko’s body
increases its setal contact area, while pushing it away from the body minimises its
contact area. In this manner, the gecko can control its leg by simply incorporating
a lateral shearing leg manoeuvre into its walking style on every step. Federle®
has further argued that the curved shape of the individual seta can also help the
pad to stay attached when pulled proximally and easily detached by elastic recoil
when pushed distally (Figure 1.7). In summary, a low detachment force of a hairy
adhesive pad can be achieved either by increasing the stress concentration by peeling
the pad at high angles, or by laterally shearing the pad before pull-off, which
requires the hairs to have an asymmetric geometry or curvature. The peeling
strategy is also employed by insects having smooth adhesive pads, such as ants or

stick insects, to easily detach their legs during locomotion.
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2. Methods

In this chapter, I will describe some of techniques which were central to my research
work. First, we will go through the design of a customised adhesion measurement
setup which was essential for my experiments with ladybug beetles. Since this
setup was developed in-house, we will look into it in detail so that it can serve
as a reference for a prospective reader who would be interested to rebuild it from
scratch in order to reproduce my results. Next, I will briefly summarise the working
principle of Atomic Force Microscopy, which I used in Chapter 4 to develop a
new method for surface tension characterisation. Finally, I introduce a simulation
tool which was instrumental in the theoretical calculation of capillary force for the
different scenarios involved in my research work from Chapter 3 and 4. Some of
the other methods which were used to supplement my research such as macroscopic
contact angle and surface tension measurements, scanning electron microscopy, and
Python scripts used to automate certain data analysis calculations are described

later in the corresponding chapters.

2.1. Adhesion measurement setup

A customised force measurement setup was built in order to enable my study of
the adhesive properties of a ladybug’s foot. In this regard, it was necessary for the

setup to have some specific features:

1. A force sensor which can precisely measure vertical pull-off force the insect’s

leg, which are expected to be in the range of 50 to 1500 pN.

2. Optical microscopes which would help visualise the contact of the 