Max Planck Graduate Center
mit der Johannes Gutenberg-Universitdt I J G ‘ U

Mechanisms of reversible underwater

adhesion in ladybug beetles

PRANAV SUDERSAN

born in Alappuzha, India

Dissertation

for attaining the academic degree of
‘Doctor rerum naturalium’ (Dr.rer.nat.)
of the department
09 — Chemistry, Pharmaceutics, and Geoscience
of the Johannes Gutenberg University

Mainz

MAY 2023



This dissertation work was carried out from February 2019 until April 2023 in the

department o QD - h =0 o QR

at the Max Planck Institute for Polymer Research, Mainz.

Date of oral examination: 17.07.2023

Deos: (D
Vice Deans: (D

Supervisors

Examiners



Pranav


Pranav


Pranav


Pranav


Pranav


Pranav


Pranav


Pranav


Pranav


Pranav


Pranav



Dedicated to (D
G


Pranav






Declaration

I hereby declare that I wrote the dissertation submitted without any unauthor-
ized external assistance and used only sources acknowledged in the work. All tex-
tual passages which are appropriated verbatim or paraphrased from published and
unpublished texts as well as all information obtained from oral sources are duly

indicated and listed in accordance with bibliographical rules.

In carrying out this research, I complied with the rules of standard scientific practice
as formulated in the statutes of Johannes Gutenberg University Mainz to insure

standard scientific practice.

Here I declare that the scientific thesis I am now handing in has not yet been pub-
lished at any other German University, or any university abroad, or any comparable

institution, with the aim of attaining a scientific degree.

Here 1 also declare that I have not yet finished any other doctoral PhD or any
similar gradua-tion program in any of the subjects represented by the MPGC-JGU

without success.






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

il



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



1.2 Forces in nature

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 leg with
a substrate. The microscope should have sufficient resolution in order to
visualise a single adhesive pad of the insect, which is of the order of 200 nm,

as well as the individual setae, which is of the order of 5-10 pm.
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3. An automated positioning system that could allow pull-off experiments to be
performed on the insect leg under specific speeds. The system should allow

controlled motion in both vertical and lateral directions.

4. A synchronised control and acquisition of all the relevant data from the above

three features.

5. Suitable holders such that the force measurements can be performed on live

insects against different substrates in both air and underwater conditions.

Thus, a number of components needed to be integrated into a single setup to enable
my adhesion experiments. A simplified schematic of the designed setup is shown in

Figure 2.1. Let us go through each of them one by one.

Insect holder

XYZ Micromanipulator

Z Piezo

Cantilever

L

Substrate
Side View holder

X Piezo

Bottomn view Displacement Sensor

~O

Data acquisition

Figure 2.1.: Schematic of the custom made adhesion measurement setup
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2.1 Adhesion measurement setup

2.1.1. Force sensor

Typically force measurements are performed using commercially available strain
gauge based load cells, which are available for a range of sensitivity and resolution.
However, these load cells have several limitations. Firstly, they have a fixed force
resolution which can not be easily altered as per necessity. Secondly, they are
designed to be used within a specific load capacity. A trade-off thus exists where,
lower the force resolution, lower will be the load capacity. Having a high capacity
can be quite useful, since it would allow us mount additional sample holders to
the load cell. Since I want to measure very small forces of the order of 100 pN in
underwater conditions, it puts a significant limitation on the design of a sample

holder that can hold a small pool of water.

Cantilever Beam F

Displacement Sensor

Micromanipulator

Figure 2.2.: Design of the force sensor

To overcome these limitations, I designed a force sensor by combining a metal can-
tilever with an optical displacement sensor (Figure 2.2). A force applied at the end
of the cantilever would slightly bend it relative to its initial state. This deflection
is measured by a displacement sensor (Philtec D20, PHILTEC, Inc. USA), posi-
tioned under the free end of the cantilever. The sensor emits a beam of infrared
laser (A=850 nm) and detects the light that is reflected back. The intensity of
the reflected light, measured as a voltage, is correlated to the distance between
the tip and the reflection spot. The typical response curve of the sensor (Figure
2.3) consists of two regimes: the near-side regime at small tip-surface distances,
which shows about 10 times more measurement sensitivity compared to the far-side

regime seen at large tip-sample distances. The sensor can thus be positioned to
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Figure 2.3.: Response curve of the displacement sensor (Philtec D20), showing
the two regimes (philtec.com)

an appropriate regime depending on how much force sensitivity is necessary. A
micro-manipulator Z-stage was used to precisely position the sensor tip relative to
the cantilever. The sensor’s signal-to-noise ratio was improved by gluing a small
piece of gold-coated glass cover slide at the cantilever end, which consequently also
improves the measurement resolution. Using the measured deflection of the can-
tilever, the force acting on its end can be calculated based on its spring constant

value.

The spring constant could in principle be obtained from the dimensions and mass of
the cantilever. However, a more accurate method to get this value is by performing
a experimental calibration procedure using known weights. The method followed is
as follows. First, the cantilever response curve (voltage vs distance) was measured
by deflecting it with a pin that is moved precisely using a piezo nano-positioning
stage (P-629.1CD, Physik Instrumente, Germany, resolution = 3 nm). Using the
obtained response curve as a reference, the sensor tip was then positioned such
that the voltage value lies approximately in the centre of the near-side or the
far-side regime. A polynomial fitting was performed for the chosen regime so as
to easily calculate the distance from an arbitrary voltage measurement in that
regime. Then, an object of known weight was placed on the cantilever end and the
resultant change in voltage value was recorded. The voltage change was translated
into distance units using the above mentioned polynomial fit. The actual weight
of the object was independently measured using a micro-balance and converted to
force units (newtons). The above process was repeated for five different calibration

weights, whose values lie within the range of the desired forces to be measured. A
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Figure 2.4.: LABVIEW program interface developed to calibrate the force sensor

linear fit was then performed for the five points of force-displacement data. The
fitted linear equation gives us the force value for any value of cantilever deflection
in the chosen regime, where the slope of the fitted equation is the cantilever spring
constant. The entire calibration process was automated using a custom LABVIEW

program (Figure 2.4).

The above described custom force sensor design allows us to easily overcome the
previously mentioned limitations of a conventional load sensor. Here, the sensitivity
of the force sensor is determined by two factors: 1) the chosen dimensions/material
of the cantilever beam and 2) the operating regime of the displacement sensor.
Both of these can be easily adjusted in order to measure a specific range of forces.
Since the measurement is primarily performed optically without any sensitive parts
in contact, the designed force sensor can be operated under high load capacity
while maintaining its high force sensitivity. This allows one to glue relatively heavy
sample holders to the end of the cantilever. Even though the holder would bend
the cantilever significantly, the displacement sensor can be easily positioned below
it to track its deflection relative to its initially bent state and thus measure forces

with high sensitivity.
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2.1.2. Optical components

An adhesion measurement involves bringing the insect’s foot in contact with a
particular surface and then subsequently retract it away from the surface until it
loses contact. Since this measurement needs to be performed also in underwater
conditions, a practical solution would be to bring the insect leg from the top and
onto a substrate below that is immersed underwater. The contact process of the foot
with the substrate can then be observed either from the side or from below, provided
that the substrate is optically transparent. I used two microscopes equipped with
cameras to monitor the contact process from both directions. A coaxial illuminated
tube microscope (Navitar, USA) with 2x objective and a stereo-microscope with
1x objective (Wild Heerbrugg, Switzerland) fit with digital video cameras (Blackfly
S, FLIR, USA, 2448 x 2048 px; Basler ace U, Germany, 1280 x 1024 px) were
used to record the sample contact with the substrate from ventral and side views
respectively. Here, a 45° mirror was used together with the tube microscope to
enable ventral imaging of the substrate (Figure 2.5). A goniometer was used to
adjust the substrate and mirror alignment with the ventral view optics to achieve
total internal reflection. This helped me to obtain a good image contrast, where,
the areas that make contact with the substrate could be identified by the darker
intensity spots, where as, no contact was indicated by bright regions. Such an
imaging mode was particularly useful to visualise the underwater contact, since
any trapped bubble can be easily identified by its bright region in comparison to a

relatively dark background resulting from the surrounding water.

2.1.3. Positioning stages

The insect’s leg needs to moved in a controlled fashion during the adhesion meas-
urement. Since the experiments will be performed on live insects, the leg needs to
first be properly restrained in a fixed orientation. Then, the leg needs to be brought
into contact with a flat surface and retracted vertically back up. The vertical mo-
tion here is performed by moving the entire insect with a Z-piezo stage, same as
the one used to calibrate the force sensor, as mentioned in the previous section. A
second X-piezo stage is also used in order to enable precise lateral movement of the
substrate. This lateral motion control is essential in order to improve the contact

of the leg with the substrate. The piezo stages allow precise movements without
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Figure 2.5.: Photograph of the setup, showing the microscopes used for side and
bottom view imaging as well as the holders.
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causing vibrations, but however have a very short travel range, less than a milli-
metre. Thus, the setup also used an XYZ motor stage (OWIS GmbH, Germany)
in order to initially bring the the substrate and the insect foot in close proximity to
one another. Once this initial position is adjusted, the setup would switch to using
piezo stages in order to bring the insect’s foot into contact with the substrate and
thus perform force measurements vibration-free. The entire setup was also moun-
ted on an active vibration isolation platform (7'S-140, Table Stable, Switzerland)

and under a closed hood to minimise any external mechanical noise.

2.1.4. Data acquisition and control

In order to perform an adhesion measurement successfully, the force sensor, the two
microscope cameras and the two piezo stages need to be simultaneously controlled.
This can be quite a complicated task if attempted manually by a single PhD stu-
dent. So, I designed a custom LABVIEW program to completely automate the
measurement process (Figure 2.6). An I/O board (PCI-6035E, National Instru-
ments) connected to a computer was used to 1) move the piezo stage by send the
necessary input voltage values, 2) read voltage value output from the displacement
sensor, and 3) send a train of trigger pulse signal wave to the cameras in order to
capture image frames at the specified rate. Here, the cameras were configured to
capture an image frame only when it received a trigger signal. The above three
functions were synchronised using by keeping all the input and output data in the
buffer memory and using a second trigger pulse to initiate the control and acquis-
ition. Here, the piezo stage was configured to respond to the rising edge of the
trigger pulse, where as, the displacement sensor and cameras were configured to
begin acquisition at falling edge of the trigger pulse. This was because the piezo
elements responds to an input voltage only after a slight delay of 13 ms, which was
measured using an oscilloscope. For perfect synchronisation between all compon-
ents, this piezo delay can be accounted by setting the trigger pulse time period in
its high state to be equal to the delay time. In this way, the force sensor and the
cameras can be triggered to start data acquisition exactly at the moment when the

piezo starts to move.

The LABVIEW program can be used to specifically design the adhesion measure-
ment protocol. The Z and X piezo stages can be programmed to move, either

sequentially or simultaneously, at any given input speed. An intermediate pause in
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Figure 2.6.: LABVIEW program interface developed to control the adhesion setup
and capture data

the motion can also be incorporated into this routine. Further, the program also
make it possible to automatically repeat the measurement protocol on a new spot
of the substrate. This was done by repositioning the substrate relative to the insect
foot after an adhesion experiment by controlling the XYZ motor stage based on
a specified input routine (direction sequence: Front/Back/Left/Right and motion

distance).

2.1.5. Sample holders

Customised holders were needed to be designed in order to easily load the insect and
the substrate into the setup for adhesion measurements. The insect was restrained
onto a spherical steel ball by temporarily gluing its back onto the ball. A plate
screwed to a XYZ micromanipulator was used to support the steel ball through
an appropriately sized hole. The micromanipulator was in turn attached to the
Z-piezo stage using magnets so that the initial position of the insect holder can be
roughly adjusted manually. The advantage of using a spherical ball was so that
the insect leg can be oriented almost parallel to the substrate below by rotating

the ball through the hole. This was important so as to ensure that the adhesive
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pad of the leg makes a nearly complete contact with the substrate during adhesion

measurement.

For the case of the substrate holder, there were a couple of challenges. Firstly,
the holder should be able to allow optical visualisation from the bottom and from
the side. Secondly, the holder should hold a pool of water in order to perform
underwater measurement on the substrate. Lastly, the holder should be easily
interchangeable such that a new surface can be quickly loaded onto the setup.
A custom 3D printed substrate holder was thus designed in order to solve these
challenges (Figure 2.7). The substrate holder comprises of two pieces. The bottom
piece is permanently glued to the end of the cantilever. The four pins on this piece
are used to mechanically lock into the cavities located underneath the top piece. A
standard glass cover slip (20 x 20 mm) was glued to the bottom hollow face of the
top piece. Small pieces of glass cover slides were also glued to the side windows of
this piece. This allowed me to capture the contact process both from ventral and
side views (see setup image in Figure 2.5). Multiple top pieces of identical shape
were printed and substrates of interest were glued to them. Since the top piece
is only mechanically locked, it can be quickly removed from the bottom piece and
in this manner, the substrate can be changed for subsequent measurements easily
without the removing the insect from the top or going through any painstaking

disassembly procedure after each measurement.

2.2. Atomic force microscopy

The working principle of Atomic Force Microscopy (AFM) shares many similarities
with the adhesion measurement setup that I described in the previous section.
The main difference is that forces involved in an AFM is at around 3 orders of
magnitudes smaller, in the range of nanonewtons. Other than that, the basic
design of the AFM is quite similar. It typically consists of a tiny Silicon cantilever
probe with a sharp tip on its end, fabricated using nanolithographic techniques.
The sharp tip of the cantilever interacts with a sample surface causing it to deflect.
This deflection is measured optically by shining a laser spot on the back of the
cantilever and tracking the reflected beam falling onto a four quadrant photodiode.
The position of the cantilever relative to sample surface is manipulated using piezo

motion stages (Figure 2.8).

34



2.2 Atomic force microscopy

Bottom piece Top piece

Figure 2.7.: Design model of the substrate holder used for 3D printing

piezo stage

laser diode

\

cantilever tip

&

photodetector

sample surface

Figure 2.8.: Schematic of a general AFM setup
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Typically AFM is used to obtain sub micrometer scale topographic images of sur-
faces. This is done by scanning the cantilever tip over a particular region of the
surface line by line. The deflection of the cantilever at each point of the scanned
region can be correlated to the topographic changes present on the surface. Thus,
very high resolution topographic images can be obtained. There are several modes
in which the AFM can be operated for imaging. A common method is the so called
‘tapping mode’ or ‘intermittent contact mode’ Here, the cantilever is oscillated
close to its resonance frequency with the help of a vibrating piezo element driven
at a fixed amplitude and frequency. The amplitude of the cantilever oscillation
would change when it interacts with a surface. But an electronic feedback loop is
used to adjust the cantilever’s vertical position relative to the surface such that its
oscillation amplitude always remains constant during the image scan. The adjusted
position values can be used to generate a topographic height image of the scanned
surface. Another common method for imaging is the ‘contact mode’. In this case,
the cantilever tip is in contact with the surface. The tip is laterally moved while
maintaining contact under a fixed load, i.e. the cantilever deflection is kept con-
stant similar to before using a feedback loop by changing the z-position of the piezo
stage. The position values will once again give us the height image of the sample.
Apart from imaging, AFM can also be operated under ‘force spectroscopy’ mode
to obtain force-distance curves at a specific point of the sample surface. This can

be used to either measure adhesion or mechanical properties of the sample.

2.3. Surface Evolver

Surface Evolver is a free simulation tool developed by Kenneth A. Brakke!? in order
to solve for the equilibrium shape of liquid interfaces under a given condition. Liquid
of a defined constant volume is initially assumed to be some arbitrary polyhedral
shape. Appropriate boundary conditions are defined corresponding to each kind of
interface or contact line that it could possibly make with the surrounding phases.
Each interface is then assigned a corresponding interfacial energy value (which is
identical to the interfacial tension). For the case of liquid-solid interfaces, a priori
knowledge of contact angle could be used to calculate the interfacial energy with the
help of Young-Dupré equation (equation 1.5). Any external force fields acting on
the liquid, such as gravity, may also be additionally defined. Under these conditions,

the equilibrium shape of the liquid interface is obtained by minimising the total
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Initial condition After energy minimisation

Figure 2.9.: Simulation snapshots of the initial and final geometry of a liquid drop
laying on a flat surface, generated using Surface Evolver. Here, a liquid contact
angle = 90° was assumed to calculate the liquid-surface interfacial energy.

energy of the system using the gradient descent method. A classic example of this
software in action is to simulate the shape of a liquid drop laying on a flat surface
(Figure 2.9). Here one would start with an initial cubic shape of a defined volume
and assign appropriate surface energy values for each interface. On executing the
energy minimisation steps, the cube transforms into a spherical cap shape, since
for a given volume, a spherical geometry has the lowest surface area, and thus the

minimum surface energy.

Just like most simulation tools, an appropriate routine needs to be written to effect-
ively solve the minimisation problem without creating any singularities. A general
procedure is to subdivide the interface into smaller triangular elements, perform
energy minimisation for a few iterations, then repeat the refinement and minim-
isation over and over until the total energy of the system stagnates to a constant
minimum value. Some additional mathematical tricks such as equiangulation or
vertex averaging can be incorporated into the solution routine to avoid any of the

facets to diverge towards an incorrect state.

In this dissertation, I use Surface Evolver primarily as a tool to calculate the capil-
lary force between two surfaces resulting from an intermediate liquid bridge. This
can be particularly useful if any of the contacting surfaces have an unusual geometry
or boundary condition such as contact line pinning, where an analytical derivation
of capillary force will not be trivial. In such cases, Surface Evolver can be used.
First, the equilibrium shape of the liquid bridge under given boundary conditions is
obtained. From the equilibrium shape, the capillary force can be easily calculated

from equation 1.4.
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In order to setup the simulation for a given problem, first we need to start with
creating a data file. This file contains all the necessary information to initialise
the problem and define all the necessary constraints and boundary conditions to
be included for the energy minimisation. An important point to note here is that
Surface Evolver is not at 3D software. While the liquid shapes obtained are indeed
three dimensional, the software is only solving for two dimensional finite elements
which together define a 3D interface. In many cases, it is also possible to completely
eliminate a interface by replacing it with its contact line. This can be done for
solid-liquid interfaces since the shape of the interface in this case does not change,
but rather only the interfacial area changes. Such tricks to reduce the dimension
can significantly save computation time but it also slightly complicates some of the
initial definitions of the system. In order to do this correctly, the higher dimensional
information needs to be transformed into an appropriate lower dimensional form
by using Stoke’s theorem or Divergence theorem, such that the effect of the higher
dimensional terms are appropriately accounted for and thus be safely eliminated.
This is especially important when one of the interfaces is in contact with a non-
planar solid geometry, for example, where the corresponding boundary conditions
needs to be defined properly such that the interfacial energies and liquid volume
terms are corrected for. A detailed explanation on how to go about this as well
as some common strategies to make such transformations can be found in the

software’s user guide.
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3. Underwater adhesion in ladybug

beetles

3.1. Summary

In 2012, a study by Hosoda and Gorb*" reported that a terrestrial beetle can even
adhere and walk underwater. The naturally hydrophobic hairs trap an air bubble
around the pads, allowing the hairs to make contact to the substrate like in air.
However, it remained unclear to what extent such an air bubble is necessary for
underwater adhesion. Hosoda et. al. hypothesised in their study that the air bubble
itself might help enhance the insect’s underwater adhesion due to its capillary
force. In this chapter, I will test this hypothesis. We know that ladybug beetles
use hairy adhesive pads to stick to surfaces, where their hairy tips also secrete
an oily fluid. To investigate the role of the trapped bubble, first, I measured the
adhesive forces in individual legs of live but constrained ladybug beetles underwater
in the presence and absence of a trapped bubble. I performed these tests on both
a hydrophilic and hydrophobic surface since surface energy of the substrate can
influence adhesion. Here, I used the male ladybug beetle Coccinella septempunctata
as an animal model for my experiments, since they possess adhesive pads having
mostly flat discoidal tipped hairs, which allow them to show superior adhesion
on hard surfaces compared to females**. Second, I developed a simple theoretical
model considering capillary forces to predict the net adhesion force of a hairy pad
both in the presence and absence of a trapped bubble. Here, the bubble’s individual
contribution to the insect’s adhesion was estimated. Using both my experimental
and modelling results, I will show that the trapped air bubble has little to no impact
on the beetle’s underwater adhesion. Rather, it is the oily secretion of its pads that

enable them to stick underwater due to capillary forces.

This chapter’s content is adapted from my published research article®”. The repor-

39



Chapter 3 Underwater adhesion in ladybug beetles

ted adhesion experiments, substrate preparation, theoretical simulations in Surface
Evolver as well as related analysis were all performed by myself alone under the
uidance of (N
- A crucial part of the experiments on ladybug beetles involved building a

customised adhesion measurement setup (described in Chapter 2.1). This setup

was designed and assembled with the combined effort of —
_and myself, together with the support of the mechanical workshop
of the MPIP.

3.2. Experimental

Normal adhesion force measurements on a restrained leg in a live beetle were per-
formed. I focused my study only on a single tarsal adhesive pad of the leg by
carefully immobilizing it (described later) to prevent any dynamic influence of its
claws or other tarsomeres/legs, which might otherwise exist under the beetle’s nat-
ural walking conditions, influencing its adhesion. I characterised adhesion by the
pull-off force during detachment, tested on smooth untreated and fluorinated glass
surfaces representing hydrophilic and hydrophobic substrates respectively. When
no water was present, I labelled the mode of contact as “in air”. Underwater,
measurements were done both in the presence and absence of a trapped air bubble
(“underwater: bubble” and “underwater: no bubble”, respectively) to investigate the
air bubble’s role in underwater adhesion. Adhesion forces for each of the labelled

contact modes were compared for both substrates.

3.2.1. Materials and Methods
3.2.1.1. Insect preparation

Adult seven-spotted male ladybug beetles (Coccinella septempuctata) were pur-
chased from Katz Biotech (Baruth, Germany). The beetles were housed in a plastic
box filled with leaves, twigs and stones at room temperature and 60-80% relative
humidity with natural daylight. They were fed with raisins, honey and water ad
libitum. The beetles on average weighed 34 + 4 mg and were used within three

weeks of being housed under above conditions.
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3.2 Experimental

An individual beetle was first carefully anaesthetised using small amounts of CO,
sublimating from a piece of dry ice and then glued with a small dollop of epoxy glue
on its elytra to the underside of a heavy steel ball. The ball was held in a bracket
which allowed free rotational movement of the ball in each direction, thus helping
to align the suspended beetle over the substrate (see Fig. 3.1). The bracket with
the ball and the beetle could be further positioned by manual micro-manipulators
in all three axes before the experiments. The front left leg was carefully fixed at its
tibia to a piece of soft solder wire coming off the steel ball using Blu Tack (Bostik
Ltd., U.K.), allowing us to further align the leg to the substrate. Each leg of a
male ladybug beetle has two hairy adhesive pads. For the test, I only allowed the
distal pad to make a good contact with the substrate thus minimising partial or
bad contact of the proximal pad. The distal pad was thus restrained by fixing its
dorsal side to the wire using Blu Tack. The claws on the leg were also fixed to the
wire using epoxy glue to prevent any further movement and to prevent the claws
from touching the substrate (Fig. 3.1 top-left inset). Care was taken to ensure the
glue does not contaminate the rest of the tarsomeres. A small piece of non-sticky
Teflon tape helped to keep the other legs tucked close to the body and avoided any
interference during the adhesion test. After the measurements, the beetle was freed
by carefully removing the epoxy glue and Blu Tack from its claws and tibia using

a pair of tweezers without harming it and set free.

3.2.1.2. Adhesion test

Adhesion measurements were performed on a custom force measurement setup, as
was described in detail in Chapter 2 (Figure 3.1). I'll briefly summarise the setup
design here. A fibre optic displacement sensor (Philtec D20, PHILTEC, Inc. USA)
together with a steel bending beam (spring constant = 68.1 N m™) constituted
the vertical force sensor. Beam deflection was calibrated using 4 different known
weights (range: 2 - 90 mg) to get the corresponding force (resolution = 5 pN).
A 3D printed substrate holder (22 x 22 x 8 mm) was glued to the end of the
bending beam. The holder was designed to enable switching from one substrate
to another without removing any glue. It also had transparent side walls which
allowed us to fill it with water for the underwater experiments as well as observe the
contact. The force sensor was mounted on a stage consisting of a X-piezo element,

used for precise lateral movements (step size = 75 nm). Additionally, a separate Z-
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Figure 3.1.: Adhesion test setup (see text for details). Top-left inset shows a
magnified cartoon of the beetle’s leg constrained to a solder wire (grey) using
Blu Tack (blue) and epoxy glue (orange). The recorded force data and contact
area of a distal pad are shown in the bottom-right plot, in which, the shaded
regions from left to right represent the distinct movement sequence: approach,
lateral pull, approach, pause and retract, respectively. Negative force values
represent attraction and the minimum force peak during the final retraction step
is the adhesion force used for further analysis.
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piezo element (P-629.1CD, Physik Instrumente, Germany, resolution = 3 nm), fixed
upright, was used for vertical up-down motion, bringing the insect in contact with
the substrate from the top. Coarse movements of the bottom stage were done using
the XYZ motors (OWIS GmbH, Germany). A coaxial illuminated tube microscope
(Navitar, USA) with 2x objective and a stereo-microscope with 1x objective ( Wild
Heerbrugg, Switzerland) fit with digital video cameras (Blackfly S, FLIR, USA,
2448 x 2048 px; Basler ace U, Germany, 1280 x 1024 px) were used to record
the sample contact with the substrate from ventral and side views respectively.
Pad contact area was visualised through the substrate under reflection mode with
the help of co-axial illumination. A goniometer was used to adjust the substrate
alignment with the ventral view optics to achieve total internal reflection. The data
acquisition from the force sensor and cameras, together with the appropriate piezo
motion steps were synchronised using a custom LABVIEW (National Instruments,
USA) program. Force data was acquired at a sample rate of 984 Hz, averaged to
512 points per motion step for smoothing. Videos were recorded at 20 frames per

second.

The vertical and lateral piezos were used simultaneously to perform approach-
retract adhesion tests with the substrate to measure the pull-off force. However,
instead of a simple down-up motion, an additional 100 pm lateral sliding motion
in the proximal direction was introduced after the leg made contact, to ensure
most of the hair tips align well with the substrate!4. A further 10 pm compression
step (approach) set all hairs in slight compression which helped maximize the hair
contact with the surface. Next, a short pause (1 s) minimized any viscoelastic
effects before finally retracting the leg away from the substrate. All approach,
retract and lateral slide motion were done at a speed of 62.5 pm s!. Ventral view
video recordings were used for contact area extraction while the side view imaging

was used to aid in orienting the pad with the substrate before a test.

For underwater experiments, 1 ml Milli-QQ water was pipetted into the substrate
holder (roughly 3 mm water level). The beetle (roughly 5 mm long) was then
partially submerged to allow underwater contact of the pad with the substrate
(immersion time ~ 15 mins). In order to achieve contact without a trapped air
bubble, the water was first degassed separately in a vacuum chamber at 10 mbar
pressure for 3 hours and then pipetted into the holder immediately. The beetle was
subsequently immersed, where, the trapped air bubble within the pad dissolves

into the degassed water in less than 5 mins, as verified by the ventral view contact
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image. Before the experiments, the pad was brought into contact with the clean dry
surface 10 times repeatedly (same motion protocol as described above) to ensure

the hairs are free of any contaminating particles.

Five force measurements were subsequently performed, each on a fresh spot of the
substrate, and were averaged to avoid pseudo-replication during data analysis. Ex-
periments were repeated with distinct male beetles for each combination of contact
mode (“in air”, “underwater: bubble” and “underwater: no bubble”) and substrate
chemistry (hydrophilic and hydrophobic), using 5 beetles for each combination.
Thus, 30 distinct beetles were used in total. After an experiment, the beetle was
marked on its elytra and released back into the box to ensure the same beetle was

not used for any subsequent adhesion tests.

3.2.1.3. Data analysis

Extraction of pull-off force from force data, image processing, plotting and statist-
ical analysis were all performed in “ Buggee”, a software tool written in Python using
open-source libraries for synchronous analysis of force data and video recordings

(https://github.com/PranavSudersan/Buggee).

For measurements in air, the pull-off force was defined as the minimum negative
force during the retraction step (bottom-right plot in Figure 3.1). For underwa-
ter measurements, an additional correction was necessary. When the beetle was
partially submerged underwater, the water’s contact with the beetle shifted, which
influenced the force readout due to surface tension and buoyancy. This effect needed
to be cancelled. Therefore, a “background” force data was recorded, following the
exact motion protocol as a typical adhesion test, but where the submerged beetle
makes no contact with the substrate. This background data was then subtracted
from a typical force curve with substrate contact, by matching the time data, to
correct for the external surface tension effects (~ 50 uN) for each individual beetle.

The pull-off force was subsequently calculated from the minima as before.

Data sets were compared for statistical differences using two-way ANOVA ana-
lysis, with contact mode and substrate chemistry as the categorical variables and
adhesion force as the dependant variable. Pairwise Student t-test were done for
post-hoc analysis and their corresponding p-value and Common Language Effect

Size (CLES) are reported. Shapiro-Wilk tests were done for each data set to verify
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a normal distribution of its residuals and Levene’s test was done to check for vari-
ance homogeneity, to validate the ANOVA assumptions. Bonferroni’s correction

was used to account for multiple comparison between groups.

3.2.1.4. Substrate preparation

Standard 20 mm wide glass cover-slips were used as the hydrophilic substrate.
Glass was wiped with isopropanol, rinsed in water and dried under nitrogen flow
before use. For the hydrophobic substrate, the glass cover slip was coated with
a fluorosilane via chemical vapour deposition (CVD). First, the glass was cleaned
using IPA. The surface was then plasma cleaned in an oxygen plasma chamber
(Femto, Diener Electronic GmbH, Germany) for 10 min at 120 W. Next, 0.2 ml
of Trichloro(1H,1H,2H,2H-perfluorooctyl) silane (PFOTS), procured from Sigma
Aldrich, was put in a sealed chamber along with the the cleaned glass. The chamber
was placed under 100 mbar pressure for 10 min for the CVD process. Finally, the
substrate was annealed at 150 °C for 3 hours. Henceforth, I refer to the hydrophilic
untreated glass substrate as simply Glass and the hydrophobic fluorinated glass
substrate as PFOTS.

The surface chemistry was characterised by dynamic contact angle measurements,
performed with a contact angle goniometer (OCA 35, DataPhysics Instruments
GmbH, Germany). The substrate’s wetting towards a polar (Milli-Q water) and a
non-polar (n-hexadecane) liquid was tested. Advancing and receding contact angles

were measured for a maximum drop volume of 10 pl and with 0.5 ul s flow rate.

3.2.2. Results
3.2.2.1. Substrate characterisation

The surface chemistry of untreated glass (hydrophilic) and PFOTS-coated glass
(hydrophobic) was characterised using dynamic contact angle measurements (Table

3.1). De-gassed water showed similar contact angle values as normal water.
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Table 3.1.: Dynamic contact angles measurements on the different test substrates.

] Substrate \ Liquid \ O \ Or \
Gl Water 63+£5° | 204+2°
ass n-Hexadecane | <10° <10°
Water 122+1° | 93+£2°
PFOTS n-Hexadecane | 88+2° | 56+5°

3.2.2.2. Insect adhesion

In air, adhesion forces of the distal pad of the ladybug beetles against glass and
PFOTS were similar, i.e. no significant differences were detected (Figure 3.2). In
contrast, the underwater adhesion on a PFOTS surface was significantly larger than
on glass (p < 0.001). This stronger adhesion on PFOTS was observed both in the
presence and absence of a trapped bubble. In both cases, the adhesion force reached
similar values as in air. In contrast, on glass, adhesion underwater was significantly
reduced when compared to dry conditions, irrespective of the presence of a trapped
bubble (p < 0.002). In the presence of a bubble, underwater adhesion on glass was
slightly higher (CLES = 0.84, p = 0.07).

Apart from the three depicted contact modes, I observed an additional fourth mode
which occurred in roughly 25% of my underwater experiments (excluded from above
analysis) using degassed water. In this scenario, the ventral view recordings show
that none of the hairs appear to contact well with either glass or PFOTS substrate,
unlike the other three contact modes. This “bad contact” scenario only happened
underwater and shows no adhesion with either glass or PFOTS substrate. While
it was not completely clear why such a contact occurs, there can be two possible
reasons. First, the hairs could get bundled due to a small air bubble trapped within
them which might not have completely dissolved away in the water. The presence
of this air-water meniscus could thus lead to elasto-capillary bundling of the hairs,
resulting in their disorientation. Second, a thin water layer at the substrate interface
might not be drained out to allow the hairs to make contact with the substrate,

resulting in a loss of adhesion.

46



3.2 Experimental

1200+
B Hydrophilic
[ Hydrophobic K
1000
8

8001 8
z
=
8 K
(&)
5 6004
o
L
S I
3
| .
< * —

200+

] x
o WHEm
0- ®
In air Underwater: bubble Underwater: no bubble

Figure 3.2.: Box-and-whisker plot showing adhesion force measurements of lady-
bug beetle’s (Coccinella septempuctata) distal pad on untreated hydrophilic glass
(blue) and hydrophobic PFOTS coated glass (cream) substrates in air and un-
derwater conditions (n=5 per box). The small black markers show the under-
lying data points. The two modes of contact during underwater experiments
are represented separately: “bubble” and “no bubble”. Crosses represent theoret-
ical predictions of adhesion force, while, circles represent the contribution of the
bubble itself, calculated from the capillary bridge model (see text and Table 3.4).
Two-way ANOVA test showed a significant effect of the contact mode (p=0.001,
F=9.596, degrees of freedom=2) and substrate (p<0.001, F=36.231, degrees of
freedom=1). Significant interaction between the above two categories was seen
(p=0.001, F=10.551, degrees of freedom=2).
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3.2.2.3. Statistical comparison

Two-way ANOVA test showed a significant effect of the Contact mode (p=0.001,
F=9.596, degrees of freedom=2) and Substrate (p<0.001, F=36.231, degrees of free-
dom=1) categories on the single leg adhesion force measurements of the ladybug
beetle (Coccinella septempuctata). Significant interaction between the above two
categories was seen (p=0.001, F=10.551, degrees of freedom=2). Post-hoc analysis
results are shown below (Table 3.2). The uncorrected p-values and Common Lan-
guage Effect Size (CLES) were obtained from pair-wise Student t-test between A
and B while keeping the third parameter fixed (degrees of freedom=8 for each pair).
p-values showing statistically significant difference between A and B are in bold-
face. CLES represents the statistical proportion of samples under A with higher
adhesion than under B. The condition for statistical significance is based on the

Bonferroni-corrected critical p-value of 0.008.

Table 3.2.: Post-hoc t-test results for each combination of contact mode and sub-
strate

Fixed A B T p-value | CLES
variable
Tn air PFOTS Class 20.053 | 0.959 0.48
Underwater: | g Glass 3202 | 0.011 0.96
bubble
Underwater: | o,y pg Glass 10.044 | 0.0 1.0
no bubble
PFOTS In air Underwater: || 4 0.897 0.48
bubble
PFOTS In air Underwater: || oo, | () gog 0.48
no bubble
Underwater: | Underwater:
PFOTS bbbl o -0.37 0.721 0.44
) Underwater:
Glass In air bubble 4.688 0.002 1.0
) Underwater:
Glass In air o bubble 11.341 0.0 1.0
Underwater: | Underwater:
Class e e 2.086 0.07 0.84

The effect of substrate, contact mode, tilt angle, beetle identity and repetition

number on the adhesion were analysed using a linear mixed-effect model (LMEM)
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Table 3.3.: Linear mixed-effect model statistics

’ \ Estimate \ Std. Error \ Z \ p-value ‘
Intercept! 582.072 170.307 3.418 | 0.001
PFOTS -110.642 206.268 -0.536 | 0.592
Underwater: bubble -304.667 89.458 -3.406 | 0.001
Underwater: no bubble | -254.924 117.386 -2.172 | 0.03
Repetition number 7.723 6.703 1.152 | 0.249
Tilt angle -5.649 7.088 -0.797 | 0.425

in Python. Here, each experimental data point was considered distinctly without
averaging the repeats as before. Substrate, contact mode, tilt angle and repetition
number were taken as fixed-effects, while, beetle identity was considered as the
random-effect. Interaction between each of the fixed-effects were fitted using the
random intercept model. Adhesion measurement on hydrophilic glass in air was
taken as the reference. The resultant fixed-effects coefficient estimates, standard
error, z-statistic and p-value are reported below (Table 3.3). The random-effect
(beetle identity) showed an intercept standard deviation of 100.563 pN (std. error
= 109.771)

3.2.2.4. Capillary force due to an air bubble

Capillary force of a single air bubble against a PFOTS-coated glass surface are
compared for two different volumes (Figure 3.3). The volumes correspond to the
expected range for the case of the trapped air bubble in a ladybug’s pad. Here, the
bubble was pinned to a micropatterned PDMS substrate on the top. Approach-
retract tests were performed at 62.5 pm s speed. The maximum adhesion force
of any of the bubbles never exceeds 50 nN, significantly lower than the beetle’s
underwater adhesion to the same substrate (> 400 uN). Thus, the bubble’s contri-
bution to adhesion in the “underwater: bubble” contact of a ladybug’s pad should
be negligible (< 10 %).
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Figure 3.3.: Capillary force of the pinned bubble against a PFOTS-coated glass
surface

3.3. Theory

3.3.1. Capillary Bridge Model

The male ladybug beetles used in my experiments are known to possess mostly
discoidal hairs on their distal pad. Contact images show that these hair tips are
approximately circular (eccentricity ~ 0.04), which could allow mechanical pinning
of the secreted fluid around its perimeter. Based on this knowledge, I modelled the
hairy pad as an array of N cylindrical rods of length, L, and diameter, D, fixed to a
flat circular pad of diameter, D, (Figure 3.4). The hairs and the pad were assumed
to be perfectly rigid, for simplicity. The tip of each hair has a tarsal adhesive
fluid of volume V}, mediating contact with the substrate. The fluid is pinned to
the circumference of the hair and forms a capillary bridge of height, d. Similar
to my experiments, I considered three modes of contact for the pad: 1) In air, 2)
Underwater: no bubble and 3) Underwater: bubble. In the third case, a bubble
of volume, V,, is trapped between the hairs and pinned to the pad circumference

(“Cassie state").

To characterise the tarsal adhesive fluid and bubble volume, I defined two radii, s

and sy, respectively, by Vy = gms} and V, = 37wsj). Here, sy and s, are the radii
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Pad
Hairs
N hairs Tarsal
adhesive
fluid
a) In air
Water D,

d | /Vf

b) Underwater: no bubble

Water
Bubble g
Vs

c) Underwater: bubble

Figure 3.4.: The capillary bridge model of a hairy adhesive pad. The hairs make
contact with the substrate (hydrophilic or hydrophobic) in three modes: a) In
air, where the tarsal adhesive fluid bridges are surrounded by air; b) Underwater:
no bubble, where the fluid bridges are fully surrounded by water; ¢) Underwater:
bubble, where part of the fluid bridges are inside the bubble while others are
outside in water (see text for details). The corresponding ventral view contact
images of the beetle’s pad seen during adhesion experiments are shown on the
right.
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of spheres with equivalent volumes. Fluid and bubble radii were assumed to scale
proportional to their corresponding pinned contact diameter. I thus defined the size
parameters, ¢y = Dy, /(2sy) and ¢, = D, /(2s,) for the fluid and bubble respectively,
to conveniently scale their volumes relative to the hair and pad diameters they are
pinned to. Larger values of ¢ (¢) represents a smaller volume of liquid (bubble)

relative to the hair (pad) that it is pinned to.

The net force of the array, F,., for cases 1 and 2 can be calculated as:

Fnet — Nf (3].)

Here, f is the capillary force of a single fluid bridge at a distance, d, in air (fy;) or

underwater (fuater)-

For case 3, the net force is given by:

Fnet - Ninfair + Noutfwate’r + fbubble (32)

Here, N;, and N,,; are the number of hairs inside and outside the bubble, respect-
ively, fair and fyater are the capillary forces of the fluid bridge inside and outside
the bubble, respectively, and fy.me is the capillary force contribution due to the

bubble meniscus alone at distance d + L.

The capillary force, f, is the sum of two contributions: Laplace pressure and surface

tension, as given by:

f - APlaplaceAbottom + 27T}%bottom’y sin 0 (33)

Here, APypiqce is the Laplace pressure of the equilibrium capillary bridge, 6 is the
contact angle, Aporom is the contact area of the capillary bridge with the substrate
at bottom and Rpoom is the corresponding radius of contact. Unlike previous
analytical treatments®®, force versus distance for a single capillary bridge was

12,26 " and used to obtain F),.; as a function

calculated by Surface Evolver simulations
of d for each mode of contact. The adhesion force of the complete hairy pad system
was then obtained from the minima of F),.;, where negative force values represent

attraction.

I considered f,;, and f,auer to be distinct terms because the capillary force by the

tarsal adhesive fluid would be different in air and underwater due to its different

52



3.3 Theory

Table 3.4.: Fixed parameters corresponding to the pad’s geometry, tarsal fluid
and substrate wetting properties used in the capillary bridge model

\ Property \ Value \
Number of hairs, N 500
Hair diameter, Dy, 4 pm
Pad diameter, D, 200 pm
Hair length, L 40 pm
Water surface tension, vy, 72 mN m™
Tarsal fluid-air surface tension, vy, 27 mN m™
Tarsal fluid-water interfacial tension, v, | 55 mN m™
Tarsal fluid volume, V; 4 fLL
Bubble volume, V; 1 nL
Hydrophilic substrate wetting gf — 6200
Hydrophobic substrate wetting gf a ; 5920

contact angle and interfacial tension in each case. Using the Young-Dupré equations
for each case of fluid-air, fluid-water and water-air interface, one can derive the

following relation for the contact angle of the tarsal adhesive fluid underwater:

_ Yfa COS Qfa — Ywa COS ewa

cos O, = 5 (3.4)
fw

Here, 04, and 0y, are the contact angles of the tarsal adhesive fluid with the sub-
strate in water and air respectively, 6., is the contact angle of water with the
substrate in air, 7, is the surface tension of the tarsal adhesive fluid, v, is the
surface tension of water and vy, is the interfacial tension of the tarsal adhesive

fluid with water.

Geometric parameters and interfacial properties were kept fixed for all model cal-
culations (Table 3.4). Here, I assumed the tarsal adhesive fluid to have similar
interfacial tension values as n-hexadecane®. Experimental receding contact angle
values for n-hexadecane and water on untreated (hydrophilic) and fluorinated (hy-
drophobic) glass surface were used as 0y, and 6,,, respectively (Table S1). Hair
and pad geometry, and tarsal fluid volume were assumed to be values typical for a

ladybug’s hairy pad!*7,

First, I calculated force-distance curves for a single pinned liquid capillary bridge.

Second, the effect of substrate on the force-distance curves of the hairy pad system
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was compared for each mode of contact. The volume of the bubble would influence
it’s capillary force as well as the proportion of hairs that are inside or outside the
bubble. Thus, I also looked at the effect of changing the bubble volume, V,, on the
net underwater adhesion. Additionally, the influence of varying the hair diameter,

Dy, on adhesion was studied for each case, to illustrate the ‘contact splitting’ effect?.

3.3.2. Simulation method: Single capillary bridge

Capillary force due to a single adhesive fluid or bubble meniscus (termed “capillary
bridge”) was calculated by performing simulations in Surface Evolver'?, similar to
the method described by de Souza et. al.?6. A simple cubic geometry, mimicking
the capillary bridge, of constant volume, V', was defined as the initial condition with
an interfacial tension, v, with the surrounding medium. Interfacial tension of the
capillary bridge with the substrate is given by v cos 6, where @ is the corresponding
contact angle inside the bridge. For the case of a bubble meniscus, 6 is defined
w.r.t. the surrounding water, since # can also directly characterise the substrate
wettability. The capillary bridge spans a gap distance d between the top face and
the substrate. The boundary conditions were set corresponding to a pinned contact
line of diameter D on the top face and constant interfacial tension with the substrate
on the bottom. All lengths were normalised relative to length s = (3V/47)"%. An
appropriate refinement and iteration routine was chosen by trial-and-error to get
a stable converged solution corresponding to the minimum energy state of the
capillary bridge surface. The normalised total capillary force, f = f/7s, is the sum

of the Laplace pressure and surface tension contributions , where:

f - flaplace + fsurface tension — AplaplaceAbouom + 27T-Rbottom/}/ sin 0 (35)

Here, APjqpiace is the Laplace pressure of the equilibrium capillary bridge, Apottom
is the contact area of the capillary bridge with the substrate at bottom and Rpottom
is the corresponding radius of contact, all obtained from the simulation output for

the equilibrium surface.

The gap distance d was varied step-wise and the capillary force was calculated each

time to obtain force-distance curves for a particular choice of D and 6.
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Figure 3.5.: Simulation of normalised capillary force of a single liquid bridge in
contact with a substrate and pinned to a circular perimeter on top. Fluid size
parameter, ¢ = 2. Negative force values represents attraction. a) Force-distance
curves are shown for different contact angles of the liquid with the substrate. b)
Adhesion forces, calculated from the minima of the corresponding force-distance
curves, are plotted as a function of contact angle with the substrate, together
with its Laplace and surface tension components. Simulation snapshots of the
liquid meniscus corresponding to angles 6° and 150° are depicted.

3.3.3. Results
3.3.3.1. Capillary force of a single liquid bridge

Forces due to a single pinned capillary liquid bridge in contact with a substrate
were obtained via Surface Evolver simulations (Figure 3.5). We see that, generally,
the shape of the liquid meniscus determines the strength of its adhesion force.
High adhesion (> 60 % of maximum) is seen for contact angles less than ~ 70°
due to a net negative (convex) curvature of the meniscus, while low adhesion (<
10 % of maximum) is seen for contact angles greater than ~ 150° due to its net
curvature being close to zero. The Laplace pressure contribution to the net adhesion
force dominates for contact angles less than 100° (Figure 3.5b). Interestingly, its
contribution to the adhesion force is mostly non-repulsive for contact angles greater
than 90°. This is because, the low volume of the liquid and its pinned contact
line prevents the meniscus from having a high positive (concave) curvature due
to geometric constraints. Only for a contact angle of 150°, the liquid’s curvature

becomes positive, manifested in its slightly repulsive Laplace contribution. Surface
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tension makes a significant contribution to the net force only for a small range of
contact angles close to 90°. For contact angles greater than 150°, the net adhesion

force approaches zero.

The force-distance curves show a general trend of repulsive forces at small distances,
a minima at an intermediate distance corresponding to the adhesion force, and
finally tending to zero force at large distances until the capillary bridge ruptures
(Figure 3.5a). The repulsive force seen at small distances is a result of the pinned
contact line on the top. A limited volume is available for the liquid to occupy when
the gap distance is small, causing the meniscus shape to bulge outwards near the
pinned contact line. This creates a net positive curvature, resulting in a positive
Laplace pressure and thus repulsion. Without pinning, the capillary forces would
have shown high attractive forces on a hydrophilic substrate?S. It is reasonable to
expect the contact line to be mechanically pinned around the rim of the discoidal-
shaped hair tip. Since the male ladybug’s pads are majorly composed of discoidal
hairs, I proceed with this assumption to estimate the net adhesion force of the

whole pad.

3.3.3.2. Single capillary bridge: Effect of volume

Surface Evolver simulation results showing the effect of volume on the maximum
capillary force of a single fluid bridge. Since the fluid is pinned at the top to the
same diameter, D, a smaller volume would result in high interfacial curvatures,
which increases the capillary force due to the negative Laplace pressure. In this

case, small contact angles lead to a greater increase in adhesion.
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Figure 3.6.: Normalised maximum capillary force for a single bridge as a function
of fluid volume

3.3.3.3. Adhesion of a hairy pad: Effect of the substrate

The force-distance curves of a hairy pad system on a hydrophilic and hydrophobic
substrate are predicted based on the capillary bridge model and compared for the
different contact modes (Figure 3.7). The forces in each case are calculated from

equations (3.1) and (3.2) for fixed geometric and interfacial properties (Table 3.4).

On the hydrophilic substrate (6,, = 20°), highest adhesion is seen when the hairs
contact in air, while lowest adhesion occurs underwater without a trapped bubble.
The presence of a bubble leads to intermediate force values. In contrast, on a
hydrophobic substrate (6,, = 93°), highest adhesion is seen for the underwater
case without a trapped bubble, much larger than in air. When a bubble is present,

the forces are only slightly larger than in air.

The observed trend in forces can be explained by how the tarsal adhesive fluid
wets the surface in each case. On a hydrophilic substrate, the contact angle of the
oily fluid is 6°, when surrounded by air (Table 3.4) and 138°, when surrounded by
water (equation (3.4)). This results in the meniscus shape to have a net negative
and slightly positive curvatures, respectively, resulting in strong adhesion in air
and poor adhesion underwater. On a hydrophobic substrate however, the contact
angles of the fluid in air and water are 56° and 70°, respectively. In both cases, the

contact angles are low, resulting in strong adhesion in both media. Additionally,
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Figure 3.7.: Theoretical force-distance curves of a hairy pad on a hydrophilic and
hydrophobic substrate in air and underwater conditions. A negative force value
represents attraction. Forces are calculated from the capillary bridge model, with
model parameters listed in Table 3.4. The bubble’s contribution to the net force
for an underwater: bubble contact is denoted by plus symbols. Insets represent
the underwater: bubble contact for each substrate.
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Figure 3.8.: Simulation snapshots of oil capillary meniscus in contact with un-
treated glass and PFOTS-coated glass in air and underwater conditions. The
corresponding interfacial tension, v, and contact angle, 6, used to predict the
ladybug’s adhesion are labelled for each case.

the interfacial tension of the oily fluid underwater (7y,,) is twice that of in air (y4,).
Thus, we see a higher capillary adhesion for the underwater: no bubble case when
compared to in air (Figure 3.8). Note that since the hair diameter is kept fixed,
the observed effects are not a result of changing contact area, but rather of the

nature of capillary forces.

The net force in the underwater: bubble case mainly depends on the proportion of
hairs inside and outside the bubble (equation (3.2)). For the given bubble volume,
only part of the hairs make contact with the surface inside the bubble. There-
fore, the force curve lies between in air and underwater: no bubble cases for both

substrates.

I observed that the bubble itself does not contribute much to the net force on either
substrate (Figure 3.7). Its contribution even is slightly repulsive on the hydrophilic
substrate due to the positive curvature of the bubble, and slightly attractive on
the hydrophobic substrate due to its negative curvature. This small contribution is
manifested by the slightly higher adhesion for underwater: bubble relative to in air

for the hydrophobic substrate, since all hairs are within the bubble in this case.

3.3.3.4. Adhesion of a hairy pad: Effect of the air bubble volume

The volume of the trapped air bubble can influence its capillary force contribution,
as well as change the relative proportion of hairs inside and outside it. To investigate
this, I varied the bubble volume, V}, and compared the maximum adhesion force on
both hydrophilic and hydrophobic substrates (Figure 3.9). The contribution of the
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bubble to the net adhesion force is small regardless of its volume, when compared
to the whole pad (less than 3 %). Further, opposite trends of adhesion are seen on

the two substrates with changing V}.

From the previous section, we know that on the hydrophilic substrate, fluid bridges
outside the bubble show poor adhesion due to the positive curvature of their men-
iscus. Thus, decreasing V}, decreases the adhesion force due to a larger proportion
of tarsal hairs being outside the bubble. In contrast, on the hydrophobic substrate,
fluid bridges outside the bubble showed higher capillary forces, due to its low con-
tact angle and high interfacial tension in water. Thus, adhesion force increases for

a hydrophobic substrate as the bubble size decreases.

A smaller Vj, resulted in increased, but small, attraction by the bubble on both
types of substrates. For larger values of V;, however, the force trend for the whole
pad mostly follows that of the bubble. This is because the bubble gets big enough
to entrap all the hairs inside it (Figure 3.9 inset). Thus, the force contribution due
to the fluid bridges remain unchanged, and only the bubble’s contribution drives
the slight variation in the pad’s adhesion at high V},. Once the bubble is small
enough such that part of the fluid bridges start making contact in water, the force
trend changes, with a steep decrease (increase) in adhesion force on hydrophilic

(hydrophobic) substrate with decreasing bubble volume.
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Figure 3.9.: Adhesion force of a hairy pad as a function of bubble volume, V}, for
the underwater: bubble contact mode. Adhesion forces are calculated from the
minima of the respective force-distance curves. Negative force value represents
attraction. The inset plot shows the corresponding fraction of hairs, N;,/N,
making contact inside the bubble. Highlighted regions represent entrapment of
all hairs within the bubble. Remaining model parameters are kept fixed, as listed
in Table 3.4

3.3.3.5. Adhesion of a hairy pad: Effect of the hair tip diameter

The tarsal hairs on a ladybug’s adhesive pad terminate in various shapes, such as
‘discoidal” or ‘pointed’. I studied this geometric effect on adhesion by changing the
hair tip diameter, D;, (Figure 3.10). Here, I fix the total contact area to 6283 jum?
(corresponding to Figure 3.7) and vary the number of hairs with D), to illustrate
the “contact splitting" effect. The tarsal adhesive fluid volume is assumed to scale
relative to the hair diameter (¢; = 2). The pad diameter, hair length and bubble
volume are kept fixed as per Table 3.4.

Adhesion force increases with decreasing Dy, for both hydrophilic and hydrophobic
substrates in all contact modes. This is consistent with the ‘contact splitting’
theory, which predicts higher adhesion when the contact is split into many small
contact points®. Reducing the hair diameter results in two competing effects: 1)
capillary force due to a single fluid bridge decreases due to its smaller size and ‘self-

similar’ scaling assumption (f ~ D), which decreases the net force, and 2) total
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number of fluid bridges increases since the total hair contact area is assumed to
be fixed (N ~ 1/D3), which increases the net force. The second effect dominates,

resulting in a higher adhesion force as D), decreases.

Similar to the trend in Figure 3.7, contact in air shows the highest adhesion force on
a hydrophilic substrate for the given range of hair diameters, while on a hydrophobic
substrate, underwater: no bubble shows highest adhesion. Underwater: bubble
contact shows intermediate adhesion between in air and underwater: mno bubble

contact modes.

0 —
—~ =200+ o—o—o—o— : -/:/.
= PR e
3 /././
o -400 - ././o .
£ N x=—" o= %  Contact mode
w -600- x=—"" == x= .
s X = 5=  __--- % In air
g -800 o s == —— Underwater: no bubble
g e '/xf”ﬁ /x,/”x 1000 Underwater: bubble
% -1000 - ,X/i e /,x" Surface
£ —12004 ** X 2 500 —e— Hydrophilic
© ® X .
< % | | —%- Hydrophobic
-1400 - /x‘/ 4 6
x D
-1600 - : ; - r
3 4 5 6

Hair diameter, Dy (um)

Figure 3.10.: Adhesion force of a hairy pad on a hydrophilic and hydrophobic
substrate as a function of hair tip diameter, D;. Volume of each fluid bridge,
V%, scales relative to D, based on the parameter ¢y = 2. Total contact area is
kept fixed to 6283 pm? throughout. The number of hairs, N, varies with Dy, as
shown in the inset plot. Adhesion forces are calculated from the minima of the
respective force-distance curves, based on the capillary bridge model. A negative
value represents attraction. Remaining model parameters are kept fixed, as listed
in Table 3.4

3.3.3.6. Capillary Bridge Model: Effect of hair diameter at constant fluid
volume

Here, instead of scaling the fluid volume relative to the hair diameter, I now assume
a fixed total fluid volume distributed equally among the /N hairs. Total fluid volume,
Viotat = NV = 2000. Hair diameter is varied while keeping the total hair contact
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area constant. Length is in arbitrary units. Forces increase at a much smaller rate
on decreasing diameter when compared to the case with self-similar scaling of fluid

volume (Figure 8 in main text).
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Figure 3.11.: Normalised adhesion force of hairy pad system on a hydrophilic and
hydrophobic substrate as a function of hair diameter (D), calculated from the
capillary bridge model. The total adhesive fluid volume is fixed to 2000. Ad-
hesion forces are calculated from minima of the respective force-distance curves.
Negative force value represents attraction. The bubble’s contribution to the net
force for an wunderwater: bubble contact is denoted by plus symbols. Bubble
volume and pad diameter are kept fixed. All lengths are scaled relative to D,,.

3.3.3.7. Capillary bridge model: Sensitivity analysis

Sensitivity analysis was performed using the one-at-a-time (OAT) method. Dimen-
sionless model parameters were initially set to correspond to the ladybug’s case,
as given by, contact area fraction (a = NDj/D; = 0.1), pad to hair diameter
ratio (D,/D;, = 50), hair aspect ratio (L/D, = 10), water surface tension ratio
(Ywa/Vfa = 3), tarsal fluid-water interfacial tension ratio (yw/vse = 2), tarsal fluid
size parameter (¢; = 2), bubble size parameter (¢, = 1.6). Substrate contact
angles were kept fixed (same as in main text). Each parameter was varied within a

particular range, one at a time, and the corresponding adhesion forces in air (F,),

63



Chapter 3

Underwater adhesion in ladybug beetles

underwater: no bubble (Fy) and underwater: bubble (F},) were calculated. Linear
least square regression was performed to quantify the relative change in adhesion for
each contact mode with respect to the varied parameter. Here, F,/F, and Fy,/F,
were taken to be the model output. Slope and R? values for each case are reported
below (Table 3.5). Slope with absolute values greater than 0.5 are highlighted in

bold.

Table 3.5.: Sensitivity analysis

Param. | Range F,/F, F,/F,

Substrate slope \/ R? slope ! | R’
. 0.05 - 0.3 | Hydrophilic | 3.03E-18 | 1.52E-03 | 2.30E-01 7.728E-01
Hydrophobic | -9.69E-17 | 3.03E-03 | -9.40E-01 | 7.72B-01
D./Dy | 30-60 | Hvdrophilic | 88320 | T4SE-0OT | 125E-02 9.735-01
P Hydrophobic | -5.65E-18 | 1ASE-01 | -1.51E-02 | 9.82B-01
LDr |81 Hydrophilic | 0.00E+00 | 0.00E+00 | -5.27E-02 | 9.11E-01
Hydrophobic | 0.00E+00 | 0.00E+00 | 5.41E-02 8.665-01
Hydrophilic | -2.01E-01 | 8.57E-01 | -2.43E-01 | 9.43E-01
Yuwa/Vpa | 2.5~ 3.5 Hydrophobic | 4.11B-02 | 1.00E+00 | 6.87E-02 1.00BE+00
Hydrophilic | 2.01E-01 | 8.62E-01 | 1.90E-01 8.94E-01
Yo/ Vpa | 15 =25 g ohic 5.56B-01 | 1.00E100 [ 157501 | L.OOE-+00
’ L7 9o | Hydrophilic | 1.29E-02 | 452E-01 | 6.18E-02 7.94E-02
! ' ' Hydrophobic | 7.67E-02 | 9.84E-01 | -3.06E-01 9.66E-01
N Lo 1g | Hydrophilic | 0.00E+00 | 0.00E+00 | -1.14E400 | 8.85E-0L
' ' Hydrophobic | 0.00E4-00 | 0.00E400 | 1.46E+400 | 9.78E-01

3.4. Discussion

3.4.1. Role of bubble

My experiments demonstrate that the ladybug beetle can attach underwater to a
hydrophobic substrate even without a bubble trapped around its tarsal hairs. A
previous study?” proposed that an air bubble is necessary for underwater attach-
ment in terrestrial beetles. This is, however, only true for hydrophilic substrates,
where a trapped air bubble can facilitate underwater adhesion due to the hairs mak-
ing contact in a de-wetted environment. For a hydrophobic substrate, the adhesion
is similar regardless of whether the contact occurs in air or underwater conditions,

with or without a trapped bubble. My theoretical calculations further show that
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the bubble by itself has a negligible capillary contribution (less than 3%) to the
net underwater adhesion of the pad. Direct force measurement of a single simil-
arly sized bubble making contact with a hydrophobic substrate shows a maximum
adhesion less than 50 pN, which further validates that the bubble’s contribution is
insignificant (Figure 3.3).

3.4.2. Origin of underwater adhesion

Predictions of the ladybug’s adhesion from the capillary bridge model agree qualit-
atively with my experimental results (Figure 3.2). In underwater conditions without
a trapped air bubble, adhesion to a hydrophobic substrate is significantly larger
than to a hydrophilic substrate. This is explained by the different interfacial ten-
sion of the oily tarsal secretion and its contact angles with the substrates in air
and underwater, which determines the capillary adhesive force in each case (Figure
3.8). However, the experiments do not show the predicted ~ 1.7 times increase
in underwater adhesion relative to that in air on the hydrophobic PFOTS-coated
surface. This discrepancy could be due to my assumptions of the oily fluid’s interfa-
cial properties, which are not known for the ladybug beetle. Sensitivity analysis of
the model does in fact show that the relative adhesion underwater when compared
to that in air is sensitive to the fluid’s interfacial tension values in air and water.
Direct measurement of the fluid’s interfacial properties is thus essential to better
predict the insect’s adhesion, and will be a subject of future studies. Further, due
to surface inhomogeneities, not all the hairs might be able to completely drain the
interfacial water layer, in order for the tarsal adhesive fluid to make direct contact
with the substrate. This can further reduce underwater adhesion, in comparison to

my theoretical predictions which assumes a perfect contact of all hairs’ terminals.

3.4.3. Validity of model

In the model, T assume that all the hairs detach simultaneously to give a theor-
etical maximum achievable adhesion force. In my experiments, however, not all
hairs make a perfect contact with the substrate despite my best efforts to align
the pad parallel to the surface. Furthermore, during detachment, the constrained
pad typically peels off from its proximal to distal end rather than detach simul-

taneously. My model also assumes the hairs to be stiff and of similar geometry,
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unlike the male beetle’s pad which has a distribution of flat or pointed tipped soft
hairs. Thus, it is not surprising that the model overestimates the adhesion forces.
However, when comparing the adhesion in air and underwater, the effect of pad
orientation, peeling, hair geometry or elasticity on adhesion should be similar for
both cases, and thus, can be reasonably ignored. The model predictions are in the
same order of magnitude as experiments, and the qualitative trend is consistent for
both hydrophilic and hydrophobic substrates in air and underwater. Further, sens-
itivity analysis of the model showed that the relative underwater adhesion when
compared to that in air was insensitive to the hair or pad geometrical parameters,
which validates the applicability of the model for my choice of parameters. Interfa-
cial tension influenced the relative adhesion for underwater: no bubble case, while,
contact area and bubble volume influenced the relative adhesion for underwater:

bubble case, as expected.

3.4.4. Role of tarsal secretions

My study provides further validation that capillary forces govern the ladybug’s
adhesion and van der Waals contributions, if any, must be negligible. Further, the
capillary forces can even enable ladybug attachment underwater depending on the
substrate chemistry. When underwater, without a trapped bubble, the pads adhere
strongly to a hydrophobic substrate, but poorly to a hydrophilic substrate, even
though the pad shows similarly strong adhesion to both substrates in air. This
effect can be explained by capillary forces and the wetting properties of the fluid.
My preliminary chemical composition analysis of a beetle’s tarsal secretions before
and after immersing its leg underwater (unpublished data) suggests that the tarsal
adhesive fluid do not get washed away when underwater. Therefore, the fluid should

be able to form capillary bridges and help mediate adhesion even when underwater.

The presence of interfacial water was expected to cause adhesion loss during un-
derwater contact. However, we see that, underwater adhesion is possible even for
a hydrophilic surface without a trapped bubble (Figure 3.2). This suggests the
possible role of interfacial water drainage dynamics on adhesion. The experimental
adhesion values lie close to the theoretical predictions, which suggests that the in-
terfacial water is drained out within the time-scale of contact (~ 4 s). The tarsal
fluid would then form capillary bridges in direct contact with the surface and en-

able adhesion. The details of this drainage mechanism during capillary mediated
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underwater adhesion would be interesting to look at in a future study.

3.4.5. Similar effect in other animals

To some extent, the findings could be extended to other animals relying on oily
secretions for adhesion. For example, ants are known to possess smooth adhesive
pads which secrete a fluid containing oily substances®. It has been reported that
some ants show similar adhesion on hydrophobic substrates under wet and dry
conditions®, similar to what we see in a ladybug. This observation can again be
explained by a capillary model as before, where, the wetting and interfacial ten-
sion of the ants’ secretion could mediate their underwater adhesion to hydrophobic
substrates. Previous experiments on geckos revealed that they can attach well
to fluoropolymer substrates (such as PTFE) when underwater, while they show

8283 Geckos are thought to rely on

little adhesion to the same substrate in air
van der Waals forces via dry contact with the substrate”, although observations of
phospholipid footprints left behind walking geckos*® could change that picture. A
recent study has in fact presented evidence for the importance of polar interactions

80 This calls for a reinter-

in gecko adhesion mediated by this phospholipid layer
pretation of previously reported gecko adhesion data by considering the influence
of the phospholipid layer. In principle, a capillary model could be used to describe
the adhesion mediated by this layer, by assuming that the phospholipid compound
is mobile with liquid-like properties. Since geckos adhere poorly to PTFE (surface
energy ~ 20 mN m™), one can speculate that the phospholipid material has a higher
surface energy, and consequently makes a higher contact angle with PTFE in air.
Let us assume the phosopholipid substance to be a fluid similar to oil with ;.=
30 mN m™ and 74,= 42 mN m™ such that its contact angle with PTFE is 80°.
Equation 3.4 then gives us an underwater contact angle of 70° for the phospholipid
fluid. Thus, on a PTFE surface, the capillary bridge model can predict a higher
adhesion underwater than in air due to its lower contact angle and higher interfacial
energy underwater. Based on similar assumptions, I predict the net adhesion force
for the gecko on different substrates (Figure 3.12). The adhesion force predictions
are in good qualitative agreement with the whole animal experimental shear force
values reported for the gecko, with the trend of higher adhesion in air than un-
derwater for glass, similar adhesion in air and underwater for PMMA /OTS-SAM

and lower adhesion in air than underwater for PTFE. We, thus, propose that the
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ExperimentStark et. al. (2013) Theory
40 1

Contact type
= Dry
e Wet

Glass PMMA OTS-SAM PTFE Glass PMMA OTS-SAM PTFE

Figure 3.12.: Whole animal adhesion force of geckos on various substrates. Ex-
perimental shear adhesion values are reproduced from Stark et al.®2. Normal
adhesion forces for each gecko toe are theoretically estimated from the capillary
bridge model, with hair diameter = 400 nm, toe diameter = 4 mm, phospholipid
fluid volume = 4.19x107 fL and 10% hair coverage. “Underwater: no bubble”
contact mode is assumed for the “Wet” case. Net adhesion force is calculated by
assuming 5 toes on each leg and 4 legs in total on a gecko. Interfacial tension of
the phospholipid layer (PL) in air and water are assumed to be 30 mN m™ and
42 mN m™ respectively. PL contact angles with glass, PMMA, OTS-SAM and
PTFE are assumed to be 6°, 10°, 20° and 80° respectively. The corresponding
water contact angles are 50°, 85°, 94° and 97° respectively, as reported in Stark
et al. 52,

8283 indicate a capillary contribution

underwater experiments performed on geckos
to gecko adhesion. Previous studies on gecko adhesion have attributed capillary
effects to be a result of water monolayers adsorbed from ambient humid air onto
the spatuale hair tips*>%%72. T however emphasize that the capillary contribution in
gecko adhesion could instead be a result of its setal phospholipid layer rather than
water. The previously reported influence of humidity on gecko adhesion*® could
possibly be an effect of change in surface tension of the oily phospholipid layer at
different humidity, which will in-turn influence the capillary adhesion force. Further
work is however necessary to understand the details of the mechanism by which

the phospholipid layer mediates gecko adhesion.
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3.4.6. Limitations and outlook

I have so far limited my analysis to only smooth substrates. Of course insects
have to cope with all kinds of surfaces including rough ones. Previous studies?
have shown that substrate roughness is a more dominant parameter than substrate
chemistry in controlling ladybug beetle traction force. Here, the length scale of
surface roughness relative to the tarsal fluid thickness would be important in the
formation of stable capillary bridges. Further, the presence of air plastron between
the roughness asperities can influence the nature of contact when underwater. Fu-
ture work will explore how roughness can impact the net capillary force also in wet
and submerged conditions. In my study, I have only considered normal adhesive
forces, but insects like beetles in general rely on friction or shear forces during lo-
comotion. Friction force usually correlates directly with the normal force, which is
probably why previously reported shear adhesion forces of the dock beetle*” follow a
similar qualitative trend as my normal adhesion force measurements on the ladybug
beetle in both air and underwater conditions. However, the details of the interplay
between friction and normal adhesion forces in animals is an open question and is

beyond the scope of my study.

My work can contribute to potential applications in the design of bio-inspired ma-
terials to achieve underwater adhesion via capillary bridges. Introduced bubbles can
possibly be used to control underwater adhesion by changing the relative propor-
tion of the arrays inside and outside the bubble. A suitable choice of an adhesion-
mediating fluid can be made tailored to the substrate and environment of applic-
ation to form capillary bridges with optimal adhesion performance in bio-inspired

fibrillar adhesive systems.

3.5. Conclusion

Ladybug beetles rely primarily on their oily fluid secretion at the tarsal hair tips to
adhere to surfaces in both air and underwater conditions. The beetles can attach
underwater on a hydrophobic substrate even without a trapped air bubble within its
hairy pad, although it loses this ability on a hydrophilic substrate. This is explained
theoretically by the different contact angle and interfacial tension of the secreted
fluid in air and underwater conditions. Further, the bubble itself has a negligible

capillary contribution (less than 3%) to the total force. The trapped bubble can
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promote adhesion only on a hydrophilic substrate by providing an air medium to the
adhesive fluid bridges inside it. Oil wettability, thus, primarily controls the insect’s
adhesion in any given condition. My work here highlights how a fluid-mediated
strategy can help achieve strong adhesion even underwater. A similar argument also
explains previously reported underwater adhesion force measurements in geckos®?,
which suggests the possibility of capillary contributions to gecko adhesion mediated
by an oil-like phospholipid layer. My results inspire the necessity to characterise the
insect’s secretions, since their interfacial and wetting behaviour against a particular

substrate is the primary driver of the insect’s adhesion, even when underwater.
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4. Surface tension measurement of

micro-droplets

4.1. Summary

My results from the previous chapter showed that it is quite important to un-
derstand the wetting characteristics of an insect’s foot secretions. In this regard,
surface tension is an important property to be quantified. One could easily meas-
ure liquid surface tension using commercially available tensiometers (e.g. Wilhelmy
plate method), or by optical imaging (e.g. pendant drop method). However, such
instruments are designed for bulk liquid volumes of the order of millilitres or higher.
In order to perform similar measurements on extremely small sample volumes in
the range of the insect’s secretions (femtoliter scale), Atomic Force Microscopy
(AFM) can be a promising tool. In this chapter, I report a new method to make
surface tension characterisation of microscopic liquid drops by performing AFM
measurements on them using standard pyramidal cantilever tips. In order to pre-
vent the drop from being picked up by the cantilever tip during the measurement,
the cantilevers were coated with a hydrophilic polyethyleneglycol-based polymer
brush in a simple one-step process. Such a coating reduced its contact angle hys-
teresis for most liquids, while maintaining a relatively low contact angle with the
tip. This ensures that a sufficiently high capillary force is exerted by the liquid
to be detected by the AFM tip, and at the same time avoid contact line pinning
which could result in the drop being picked up by the tip. Numerical simulations
of a similarly sized liquid drop interacting with a pyramidal or conical geometry
mimicking the geometry of the tip were then used to calculate surface tension from

the experimentally measured force.

A significant portion of this chapter’s contents will be a part of my future publica-

tion, currently under review®. In this work, AFM experiments on liquid droplets,
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preparation of pegylated cantilever tips as well as Surface Evolver simulations for

cone and pyramidal geometries and relevant Python scripts for data analysis were

all conceived by myself under the guidance of—
_ Scanning electron microscopy images were taken with the help
of_ from MPIP. Some preliminary experiments using water droplets

and polydimethylsiloxane-brush coated cantilever tips were performed with the as-

sistance of-from MPIP and_from Technical University

of Darmstadt.

4.2. Background

Effects of surface tension are ubiquitous in our everyday lives, whether it be the
disintegration of a stream of water coming out of our shower head into smaller drops,
formation of bubbles when we use soap, or sticking of sand particles on our wet
feet during a fun beach holiday. It is a core concept in our present understanding
of wetting phenomena, which emerged over the past few centuries, starting with
da Vinci, in pursuit of explaining the counter-intuitive rise of water inside a thin
capillary tube when partially immersed vertically on its surface®®. Subsequent
notable studies by von Segner, Young, Laplace and Gauss formalised our current
understanding of such capillary action, where surface tension was introduced as
the main liquid-dependant parameter in the model. One may intuitively imagine
surface tension to be a net constant tension that liquid surfaces experience in all
directions, analogous to the stretched rubber membrane of a balloon. This tension
is a net consequence of an in-balance in the net interaction force experienced by

molecules near the liquid interface'S.

Several measurement techniques have since been developed to measure surface ten-
sion of macroscopic liquids. A common strategy is to use an appropriate force
measurement device to directly measure the tension on liquid surfaces. Here, the
Wilhelmy plate method is a classic example”®, where the maximum force required
to pull a thin plate vertically out of the liquid surface is measured. Surface tension
can then be obtained by dividing the measured force with the wetted contact peri-
meter of the plate. On the other hand, methods such as the pendant drop method?,
spinning drop method®! or oscillating drop method!® rely on optical observations

of the liquid drop shape under specific conditions to evaluate surface tension by
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solving the Young-Laplace equation or the Rayleigh’s equation®®.

While surface tension measurement of bulk liquids is simple using commercially
available instruments based on the above techniques, they are, however, not suit-
able for microscopic measurements, where the available liquid sample volume is
extremely low in the range of micrometer-sized droplets. Such small scale meas-
urements can be especially useful to improve our understanding of some important
natural phenomena, such as, how atmospheric aerosols impact climate change pro-
cesses and human health®, or, the nature of tiny secretions in the legs of certain
insects which enable them to stick to most surfaces®. One of the first attempts in
making such a measurement was by performing a Wilhelmy-like experiment with
the use of Atomic Force Microscope (AFM). McGuiggan et. al.™ attached a cyl-
indrical quartz rod of roughly 100 pm to a tipless AFM cantilever probe, which was
used to measure the liquid adhesion force and calculate surface tension. While their
method gave reasonable values for low surface tension liquids such as tetradecane,
the method, however, underestimated the values for water by 44% when compared
to macroscopic results. This discrepancy was attributed to imperfections in the
rod shape and water contamination. An improvement to the above method was

1.9 where, a ‘nanoneedle’ of gallium-silver alloy

reported by Yazdanpanah et. a
was grown on the sharp tip at the end of a standard AFM cantilever. These nanon-
eedles (diameter ~100 nm), have a more well-defined cylindrical geometry, which
allowed for precise surface tension measurement of liquids, including water. An
alternative approach was to track the droplet oscillations induced by either coales-
cence using optical tweezers'® or while under flight when ejected through an ink-jet

43,7181 The droplet oscillations, whose resonance frequency modes depend

nozzle
on the liquid surface tension based on Rayleigh’s theory®®, can then be analysed
using high speed optical detectors. Similar experiments could also be performed
on hemispheric sessile drops using an AFM by measuring the oscillations when a

liquid interface comes in contact with a hydrophobic colloidal probe%?.

Based on the above review, AFM provides in principle a relatively easier way to
measure surface tension of small droplets without the need to construct specific
experimental setups. Further, AFM is quite versatile since even submicrometer
sized droplets can be probed with high resolution, which is not possible using al-
ternative optical methods. Presently, the ‘nanoneedle’ tip based method?® shows
the most promise, having been used by several groups to study surface tension of

aerosol droplets, for example®?%3. But, a clear drawback of this method is the need
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piezo stage

laser diode

photodetector

mica surface
4il
D
drop before tip contact drop in contact with tip

Figure 4.1.: a. Schematic of an AFM experiment on micro-droplets deposited on
a mica surface. b. Magnified view showing the interaction process of the AFM
tip with the liquid drop (circled region in a.). Initially, a liquid drop is pinned to
the surface with contact diameter, D and height, hA. During force measurement,
the drop makes a contact angle, # with the tip surface. The tip shown here has
a regular square pyramidal geometry of half-angle, «.
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to fabricate such nanoneedles precisely on the cantilever tip, which are not easy to
prepare and would be expensive as a commercial product. Is there a way to circum-
vent the reliance towards such special tips and instead make similar measurements

with standard pyramid shaped tips that are widely used for general AFM imaging?

Although it is possible to obtain AFM force-distance curves when a pyramid-shaped
tip makes contact with a liquid droplet, there are however several challenges to
calculate the desired surface tension value which is hidden within the measured
force data. First, the theoretical capillary force interaction between a liquid drop
and a pyramid shape can be precisely estimated only by numerical simulations,
making the analysis procedure complicated?!. Second, the surface properties and
precise shape of the AFM tip significantly influences the measured force values.
Small structural or chemical heterogeneities on the tip surface can lead to pinning of
the liquid contact line, resulting in a different force response. In such cases, precise
knowledge of liquid contact angle with the tip or point of contact line pinning is
essential to make reliable numerical predictions. Fabié et. al.3* showed that AFM
force curves show a good agreement with simulations if the liquid contact line is
assumed to remain pinned to the facets of a hydrophilic AFM tip at some fixed
point. But for hydrophobic coated tips, the liquid contact line recedes at a certain
contact angle and also undergoes pinning at multiple intermediate points when
the tip is retracted away from the liquid. This complex dewetting process could
not be precisely modelled and thus, it wasn’t possible to obtain simulated force
curves that follow the experimental curves. Hydrophilic tips may thus, in principle,
be used to back-calculate surface tension of micro-droplets by fitting the obtained
AFM force curves to simulation data. But an additional problem of such tips would
be the continuous loss of drop volume whenever they make contact, which is an
undesired side-effect of the contact line pinning as a result of large contact angle
hysteresis that hydrophilic surfaces typically show. This continuous contamination
of the hydrophilic tip during the measurement process would further complicate

the analysis of force curves.

In order to enable the use of standard pyramidal AFM tips for surface tension
measurements, it is essential to modify the tip surface such that it has a low con-
tact angle hysteresis with any liquid that should be probed, i.e. to render the tips
amphiphobic. This could, in principle, minimise any local pinning events or sticking
of liquids when they are in contact with the tip during measurement, and thus, one

could obtain force curves which closely follow the ideal theoretical scenario. While
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hydrophobic coating with a fluoropolymer, for example, does reduce the hysteresis
to a certain degree, they have poor anti-wetting properties to low surface tension
liquids. Two common strategies to make surfaces amphiphobic is by coating them
either with a nanostructured!®! or a lubricant®® layer. Both these methods however
wouldn’t be suitable for our needs, since such amphiphobic layers are usually sev-
eral micrometers thick which could change the tip shape, or could contaminate our
sample liquids if we choose the lubricant-based coating method. Recently, it was
shown that polymer brush coating can be used to obtain surfaces with very low
contact angle hysteresis (less than 5°) due to the high chemical and physical ho-

mogeneity of the dense brush layer?3:64

, which behaves similar to a thin lubricating
liquid-like film. These polymer brushes have a nanometer-scale coating thickness,

making them an ideal candidate for modifying tip surface.

In this work, I present a method to perform equilibrium surface tension measure-
ment on micro-droplets with an AFM using standard pyramidal tips coated with
a polymer brush. A simple one-step process was adapted from previously reported
study? to obtain a hydrophilic polymer brush coating on the tip surface. The low
contact angle hysteresis of the coated tip prevented liquid drops from sticking to the
AFM tip despite being hydrophilic. Further, I used the Surface Evolver software!?
to numerically simulate the configuration of a liquid drop siting on a flat surface
and interacting with a pyramid or cone shaped tip from above?'34. The simulated
force-distance curves were compared with the experimental AFM data to calculate
surface tension. My method attempts to simplify micro-scale surface tension meas-
urements, and also help progress scientific understanding of the various processes

governed by wetting phenomena on small scales.

4.3. Methods

4.3.1. Simulation scheme

The condition of a sessile liquid drop in contact with an AFM tip was simulated
using Surface Evolver software!?. The AFM tip was modelled to be either of a
regular square pyramid or a cone geometry, with a half angle, «. The drop having
a volume V' of liquid with surface tension vy was assumed to remain pinned to the

bottom surface, following an fixed circular contact line of diameter D. The apex
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of the pyramid/cone tip was in contact with the substrate below at the centre of
the drop. On the top, the drop had a constant contact angle, 6, with the AFM
tip surface. Effects of gravity can safely be neglected, as droplet sizes are far be-
low the capillary length. All lengths and forces involved were normalised w.r.t. h
and yh, respectively, where h is the undisturbed height of the sessile drop without
making contact with the tip (Figure 4.1 b). Gravity has a an insignificant effect
on the micro-droplet shape here since the Bond number is very low. Hence, the
sessile drop assumes the shape of a spherical cap and the drop volume relates to
h through the analytic expression, V' = wh(3D?/4 + h?)/6%, which simplifies the
volume normalisation. An appropriate solution routine was written in the software
to “evolve” the shape of the liquid drop, starting from a polyhedron initial con-
dition to its final equilibrium state by following successive mesh refinement and
surface energy minimisation steps (script files available in the public GitHub repos-
itory https://github.com/PranavSudersan/afm_pyramid). In this case, the net
vertical adhesion force, F, 4, between the tip and the liquid drop is given by:

Fadh - APLaplaceAtop + Ltopﬁ)/ sin (CY — 0)

Here, APpapiace is Laplace pressure difference, A, is the contact area between the
tip and the drop projected on the horizontal plane, and Ly, is the perimeter of the
contact line between the tip and the drop. Note that the van der Waals adhesion
force between the tip and the substrate are negligible relative to the capillary force,
and hence not considered. For comparison with simulation data, the above equation

needs to be rewritten in the normalised inverted form:

vh 1
Foan APLaplaceAtop + ﬁtop sin (o — )

A=

Here, APLaplace = APLapiaceh /7, /Altop = Aip/h? and [:top = Li,,/h are output
parameters from the simulation, which were used to calculate the liquid surface
tension, expressed in non-dimensional form as, 4 = yh/F,q,. The simulations were
iteratively repeated for a range of D = D/h , 6 and « values for both pyramid
and cone geometries to obtain a map of non-dimensional surface tension values for
a specific set of parameters. The contact angle, 8, was taken from experimentally
measured values between the test liquid and a flat substrate of identical surface

chemistry as the AFM tip. Since the tip is hydrophilic, # was typically less than
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Figure 4.2.: Simulation curves showing normalised surface tension, 4 = vh/F,q,
as a function of normalised drop contact diameter, D = D/h for cone (left)
and regular square pyramid (right) tip geometries. Each curve corresponds to
a specific tip half angle, «, as indicated by the different line colour and marker
style. The curves correspond to a fixed tip-liquid contact angle, #=30°. Insets
show the simulation snapshots for the corresponding geometry at D=5 and a=14.

30° (Figure 4.9). Fugn, D and h can be easily obtained by experimental AFM
measurements while a can be measured by Scanning Electron Microscopy (SEM),
as will be described in the subsequent sections. In this manner, the experimentally
measured parameters can be utilised to calculate the liquid surface tension from

the simulated % values.

4.3.2. Wilhelmy plate method

Surface tension measurements were carried out on three test liquids: mineral oil
(RTM-13, 75 ¢St), glycerol, and ionic liquid (Trihexyltetradecylphosphonium bis
(trifluoromethylsulfonyl)imide, >98%, IOLITEC GmbH, Germany). For bulk li-
quid measurements, I followed the Wilhelmy plate method using a commercial ten-
siometer (DCAT 11EC, DataPhysics Instruments GmbH, Germany) and a platinum-
iridium plate of width 19.9 mm and thickness 0.2 mm. Before attaching the plate
to the tensiometer’s force sensor, it was rinsed in ethanol and subsequently burned
with a butane torch until it glows red, thus removing any contaminants. 10 ml of
test liquid was pipetted into a petri dish placed under the plate. The instrument’s

software control was used to bring the plate close to the liquid surface. The plate

78



4.3 Methods

was then partially dipped into and out of the liquid with a constant vertical speed of
0.1 mm/s while simultaneously recording the detected force values The maximum
force measured while the plate is retracted out of the liquid was used together with

the plate geometry values to calculate surface tension.

4.3.3. Cantilever coating

Cantilever tip model RFESPA-75 (spring constant~3N/m, Bruker) was used for
all AFM measurements. Polyethyleneglycol (PEG) chains were grafted on the
cantilever tips by following the silanization method reported by Cha et. al.?°.
The cantilevers were first cleaned in an oxygen plasma chamber (Diener Electronic
Femto) for 2 min at 48 W power, then subsequently placed in a solution mixture
comprising 2 pL of 2-[methoxy(polyethyleneoxy)propyl] trimethoxysilane (90%, 6-9
PEG units, abcr GmbH, Germany), 8 uL. hydrochloric acid (fuming, >37% assay,
Sigma Aldrich) and 10 mL of toluene (>99.8%, Fischer Scientific, UK). After 18
hours, the cantilevers were cleaned in an ethanol bath for 10 mins, to finally obtain
PEG-brush coated hydrophilic cantilever tips. AFM experiments with the canti-
lever were subsequently performed within a few hours post coating. An identical
cleaning and coating procedure was also performed on a flat Silicon wafer. Con-
tact angle measurements (DataPhysics OCA 35 goniometer) of glycerol, mineral oil
and ionic liquid (10 pL sample volume) were subsequently made on the resultant
PEG-brush coated Silicon wafer. The measured contact angle values were used for

surface tension calculation by the AFM method, as described later.

4.3.4. Droplet generation

Small micro-droplets were deposited on a freshly cleaved mica surface for AFM
measurements. The droplet deposition was carried out with the help of a micropillar
array of polydimethylsiloxane (PDMS) fabricated by a soft lithography procedure
reported by Greiner et. al.*2. In brief, an array of micropillars (diameter of 5 1m)
was first prepared by curing a thin layer of SU8 photoresist under UV, which was
used as the master template to subsequently prepare the PDMS pillar array in a
two-step moulding process. The resultant PDMS array was then smeared with the
test liquid, which was used to stamp small droplets on the mica surface. Drops with

a size range of 5-25 pm contact diameter were obtained by following this method.
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Figure 4.3.: Flowchart summarizing the procedure to measure surface tension.
See text for detailed description.

4.3.5. AFM measurements

Measurements on micro-droplet liquids were performed using the JPK NanoWiz-
ard 3 AFM (Bruker) for mineral oil, glycerol and ionic liquid. A custom-made
rubber gasket was fitted between the cantilever holder and mica surface during
measurements to maintain the micro-droplets in a sealed environment and minim-
ise evaporation. After loading the PEG-brush coated cantilever and the droplet
carrying mica surface onto the AFM sample stage, the system was left for 60 mins
to allow the droplets to equilibrate with the surrounding sealed chamber. Following
the equilibration step, the droplets were imaged under intermittent contact mode
(tapping mode). First, the cantilever tip was positioned close to a drop of interest
with the aid of the AFM’s inbuilt optical microscope. The cantilever deflection
sensitivity and spring constant were then calibrated using the contact-free thermal
noise calibration method™, available within the AFM software. The cantilever was
tuned to a driving frequency slightly below its resonance frequency with a specific
target oscillation amplitude. Images were taken under high feedback gain and soft
tapping conditions and appropriate scan line rate and area size were chosen to ob-

tain good overlap between the height trace and retrace curves. For example, droplet
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height images for glycerol were captured at a scan line rate of 0.7 Hz, scan area size
of 22x22 pm with the cantilever tuned at a target amplitude of 40 nm (Figure 4.3).
Since the droplet sizes were comparable to the scan area, high image resolution was
unnecessary for analysis. All images were thus recorded at 128x128 pixel size to
speed up the scanning process. Using the captured drop AFM image as a reference,
the cantilever was precisely positioned to the centre of the drop by software con-
trol of the AFM’s piezo motion stages and force spectroscopy measurements were
done. Here, the cantilever tip approached and penetrated the drop, made contact
with the mica surface and finally retracted back vertically out of the drop (Figure
4.1). Approach/retract speed was 0.1 pm/s. The approach /retract distance was set
depending on the height of the drop, obtained from the previously captured drop
image. The force trigger set-point was set to 10 nN in order to detect hard contact
between the tip and the mica surface, which would then initiate the retraction cycle
of the force curve. Force curves were recorded at 1000 Hz sample rate and repeated
3 times for each drop. After force measurements, the same scan area was imaged
again to check for any possible loss of drop volume as a result of liquid contact with
the tip or due to evaporation. Measurements were repeated with 2 independently
coated cantilevers each for mineral oil, glycerol and ionic liquid, i.e. 6 cantilevers in
total. For each cantilever, images and force curves of 8 drops were recorded. Thus,

16 drops were measured for every liquid.

4.3.6. Tip shape estimation

Since commercially available cantilever tips typically have tapered ends for better
sharpness of the tip, the precise tip shape within the region making contact with
the micro-droplet needed to be determined. Tips were imaged after droplet exper-
iments from both front and side views using LEO Gemini 1530 Scanning Electron
Microscope (1 nm point resolution, Zeiss, Germany). The cantilevers were moun-
ted on the SEM sample holder with the help of carbon tape before imaging. The
shape of the tip within 1 pm length scales close to the tip apex was specifically
focused on. Tip angle was obtained by drawing straight lines following its two ex-
treme lateral edges and measuring the angle between them using Inkscape graphics
editor (Figure 4.4). The angle measured can differ depending on the region of the
tip being considered, since the tip deviates from its ideal regular pyramid shape

and gets sharper close to its apex. In order to simplify analysis, the tip shape was
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Figure 4.4.: SEM of cantilever tips (model: RFESPA-75) imaged from a) side view
and b) front view. Insets show magnified images close to the tip apex (marked
by the dashed ellipse), indicating a ‘cone’ or ‘pyramid’-like tip geometry. The
corresponding tip angles for each shape are marked (see text for details).
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classified into two regions: 1) cone shaped very close to the apex, and 2) pyramid
shaped far from the apex. A pair of lines were manually fitted on the edges for
these two regions to obtain the corresponding tip angle. The above process was
repeated for both front and side view images of the tip and the obtained tip angles
were averaged for each shape. For the case of pyramid, the tip angles measured
this way corresponds to the angle, ayp,, between its opposite lateral edges due
to its orientation in the SEM images. Since my model defined the half-angle of
the pyramid to be between its adjacent lateral edges, I use the geometric relation,
a = 2arctan Kl/ﬁ) tan (ozopp/Z)}, to obtain the true value of a from «,y,, meas-
ured via SEM. For RFESPA cantilever tips, the average cone half angle was ~
7°and the average pyramid half angle was ~ 13°(obtained from above relation).
Since our test liquid drop heights lie between the cone and pyramid regions, the
exact tip shape to be considered for surface tension calculations can be ambiguous.
Thus here, I consider both pyramid and cone geometries independently for further

analysis.

4.3.7. Surface tension calculation

AFM measurements of drop shape and force-distance curves combined with know-
ledge of tip shape provides all the necessary ingredients to estimate the surface
tension of the liquid drop. Here, I describe the general calculation procedure of

combining experimental and simulation data to obtain surface tension (Figure 4.3):

1. The AFM height image data of each drop was fitted with a spherical cap
shape. The fitted cap parameters were used to obtain the contact diameter,
D, drop height, h, and volume, V.

2. The adhesion force, F,4,, was obtained from the minima of the retraction
cycle of the force-distance curve which was measured for the corresponding

drop.

3. The tip shape was considered to be both a pyramid and a cone. The cor-
responding tip half-angles, a, was taken to be half of the measured average
angle obtained via SEM.

4. The normalised surface tension, 4, was obtained from the simulation data
using experimentally measured D = D /h and « values. Here, contact angle,

0, between the liquid and the tip was assumed based on macroscopic experi-
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mental contact angle measurement of the liquid with a flat PEG-brush coated

Silicon wafer substrate.

5. Finally, the surface tension was calculated in real units from the above #
value together with the experimentally measured F,4, and h values, using

the relation v = 4 F 4/ h.

The above procedure was automated in Python to directly calculate surface tension
from the raw output data of JPK NanoWizard 3 AFM. Here, the ‘measuredHeight’
and ‘vDeflection’ channels of the data were used to obtain the resultant drop im-
age and force-distance curve. The scripts used for the analysis are available in
the public GitHub repository (normalizedhttps://github.com/PranavSudersan/

afm_surface_tension).

4.4. Discussion

4.4.1. Surface tension results

Surface tension of liquid micro-droplets obtained by AFM agree with the macro-
scopic measurements of the liquid using a commercial tensiometer (Figure 4.6 and
Table 4.1). The precise nature of the tip shape to be considered for calculation is
ambiguous, because the ‘cone’ and ‘pyramid’ regions of the tip roughly transitions
at the same length scale as the drop height (= 1 pm). Thus, the calculations were
performed for both geometries. We see that the pyramid approximation gives a
better estimate of surface tension for mineral oil and ionic liquid relative to their
macroscopic values (<5% error). For glycerol, the cone and pyramid approximation
respectively over and underestimates the surface tension within a 9% error relative

to the tensiometer measurements.
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Figure 4.5.: Detailed measurement data of surface tension of several liquid
droplets, calculated using the AFM method as described in the main text. Here,
each point represents a measurement done on a unique liquid drop. Calculations
based on cone and pyramid approximation of the tip shape are shown separately
as circles and crosses respectively. Summarized results of the presented data are
reported in Table 1 and Figure 4.6 of the main text.

4.4.2. Effect of tip shape

Overall, for both polar and non-polar liquids, the AFM method allows for surface
tension measurement within a 10% error relative to expected values. Since the
forces measured from an AFM typically has an error in the order of 5-10% due to
uncertainty in spring constant determination, combined with my somewhat simpli-
fying assumptions of the tip shape, the observed deviations are within the range
expected. Simulations show a significant impact of tip half angle, o and tip shape
(cone vs pyramid) on the calculated surface tension, due to the sensitive dependence
of the tip characteristics on the capillary force (Figure 4.2). Thus, precise know-
ledge and modelling of the tip shape is crucial to obtain accurate values of surface
tension. My results suggest that the pyramid shaped assumption of the tip shape
could be a reasonable approximation for surface tension estimation within 10% er-

ror. The tip angles provided by the cantilever manufacturer (Bruker) correspond
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Figure 4.6.: Surface tension of various liquid micro-droplets measured using AFM
as described in the present work (blue) are compared to bulk liquid measurements
using a commercial tensiometer (orange). Detailed data points for individual
drops are shown in Figure 4.5.
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Table 4.1.: Summarised results showing the range of drop contact diameter, D, and
drop volume, V| measured from AFM images. The assumed tip-liquid contact
angle, 0, was used to calculate surface tension (y4rp) from AFM data for each
tip shape, which are compared to macroscopic measurements (Yiwiheimy)

Liquid D (pum) V' (fL) 6 Yary (mN/m)
[min-max] | [min-max] Cone | Pyramid | (mN/m)
Mineral oil 9-17 30 -132 | 10° | 30.2£3.6 | 28.44+1.3 | 28.44+0.1
Ionic liquid 10 - 20 30 - 307 | 10° | 38.6£0.5 | 31.4+0.4 | 30.1+0.1
Glycerol 5-25 3-331 30° | 64.4£3.9 | 54.2£4.2 | 59.5%0.2

to the pyramid region rather than the cone region of the tip. My measurements
of the tip angle (a,,, = 38.1 £ 0.8°) from SEM images, which were then used to
obtain the true tip half-angle («) for surface tension calculations, are within the
value provided by the manufacturer (average oy, = 37.5+2°). Thus, one may rely
on the tip angle reported in the cantilever specification sheet for further analysis,
provided that the drop heights are larger than 500 nm. In this case, SEM imaging

of the cantilever tip won’t be necessary.

4.4.3. Role of PEG coating

The key to make the above measurements possible was the hydrophilic coating of
the cantilever tip with PEG-brush. AFM force-distance curves taken at the centre of
the drop confirm the quality of tip coating, as evidenced by the smooth and almost
completely overlapping traces during approach and retract cycles (Figure 4.7). The
low contact angle hysteresis of the coating not only minimises accumulation of liquid
on the tip over repeated measurements, but also ensures that a nearly constant
low contact angle is maintained between the tip and the liquid drop. This allows
me to simulate the system relatively easily by assuming the ideal scenario of no
contact line pinning. The low contact angle between the liquid drop and the tip
also ensures a high capillary adhesion force, which minimised any errors in the
force measurement due to the contribution of other attractive forces which could
influence the net adhesion. For example, the van der Waals adhesion force of the
tip with the hard substrate is typically less than 5 nN. This is significantly smaller
than its capillary adhesion force with a liquid drop (>100 nN). Thus, van der Waals
adhesion can be safely ignored. Alternative hydrophobic coated cantilevers based

on polydimethylsiloxane brush® or fluorosilane did not work as well as a PEG-
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Figure 4.7.: Force-distance curves showing the interaction between a PEG-brush
coated cantilever tip and a liquid droplet of mineral oil (orange), ionic liquid
(green) and glycerol (blue), measured with an AFM.

brush coated cantilever due to their low capillary adhesion to liquids like glycerol

and non-ideal AFM force curves resulting from contact line pinning (Figure 4.8).

4.4.4. Measurement with other coatings

Surface modification of the AFM cantilevers were performed to investigate the
effectiveness of alternative coatings that are typically used to reduce the wettability

of a surface. Here, I report PDMS-brush coated and fluorosilane coated cantilevers.

RFESPA cantilever tips were coated with PDMS-brush by chemical vapour de-
position (CVD) method. 0.1 ml of dichlorodimethylsilane (Sigma-Aldrich) was
placed in a sealed 1 Litre chamber together with the plasma treated cantilever
tips for 10 minutes. The cantilevers were subsequently rinsed in toluene before

AFM measurements. Similarly, fluorinated cantilever tips were also prepared by
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CVD method, but under vacuum. A small cup containing 0.05 ml of 1H,1H,2H H-
perfluorooctyltrimethoxysilane (Sigma Aldrich) was placed in a 5 Litre vacuum
chamber (< 100 mm Hg) for 10 minutes to fluorinate the tips by the CVD pro-
cess. The tips were then heated to 150°C for 30 minutes before AFM experiments.
Mineral oil and glycerol droplet preparation and subsequent AFM measurement

protocol were followed exactly as described in the main text.

Force distance curves (Figure 4.8) indicate that mineral oil shows high capillary
adhesion and little hysteresis when the tip is coated with PDMS-brush, which is
a consequence of its low contact angle with the coated tip. Here, the approach
and retract curves have a relatively smooth trend during drop contact, similar to
my measurements with PEG-brush coated tips. However, for glycerol, the forces
curves show a significantly non-ideal trend, with several local pinning events. The
measured adhesion force in this case is also quite low, due to the large contact angle
that glycerol has with the hydrophobic tip. A similar problem is also seen with the
fluorinated tips, where even for mineral oil, the force curves show several pinning
events as well as low adhesion. Thus hydrophobic coatings are not a good choice to
obtain smooth force-distance curves with high adhesion on liquid droplets, which
is necessary to reasonably model the tip-drop contact process for surface tension

estimation.
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Figure 4.8.: AFM force-distance curves on liquid droplets using PDMS-brush or
fluorosilane coated cantilever tips

4.4.5. Effect of tip-liquid contact angle

Macroscopic contact angle measurements on flat PEG-brush coated Silicon wafers
show that mineral oil and ionic liquid spreads quite well on the coated surface, with
a contact angle less than 10° (Figure 4.9). On the other hand, glycerol, which has
a relatively high surface tension, showed a contact angle of ~ 29°with the same
surface. In this work, the surface tension calculations were performed by assuming
the coated tip-liquid contact angle (6) to be similar to these experimental meas-
urements. However, our calculation method is sensitive to #. For example, glycerol
was assumed to have a 0 of 30°, based on its macroscopic value, which resulted in
a surface tension of 54.244.2 mN/m following the pyramid approximation (Table
4.1). On changing 6 to 10°, the average surface tension value would however drop

to 45.1£4.3 mN/m, which would correspond to a 16% measurement error relative
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to its macroscopic value (Figure 4.10). In the case of mineral oil and ionic liquid,
6=10°gives a good prediction of surface tension (<2% error), since their actual
contact angles are close to that value. Thus, knowledge of liquid contact angle
with a PEG-brush coated flat surface is essential to improve the estimate of surface

tension using AFM data.

Mineral oll
9=7°

lonic liquid
6=6°

Glycerol
6=29°

Figure 4.9.: Silicon wafer was coated with PEG-brush as described in the main
text. Static liquid contact angles were measured for mineral oil, ionic liquid and
glycerol.
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Figure 4.10.: Surface tension calculation for glycerol are shown by assuming a
tip-liquid contact angle of 10°and 30°. The values are reported for both cone and
pyramid tip approximations. Here, the tip is coated with PEG-brush.

4.4.6. Effect of evaporation

Micrometer-sized drops tend to evaporate fast, because of the increased vapour
pressure due to their highly curved surface. To minimise evaporation I carried out
my measurements in a sealed environment. Since the AFM imaging of a drop and
its subsequent force measurement process can take up to 15 minutes in total, it is
important to ensure that the drop does not significantly lose volume during this
time. I tracked the drop evaporation by repeated AFM imaging and found less than
5% volume losses, confirming the stability of the drops during measurement (Figure
4.11). For more volatile liquids such as water, measurements need to performed

under low temperature and saturated vapour conditions.
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Before force measurements After force measurements

Figure 4.11.: Glycerol droplet was imaged before and after force measurements
(~10 mins apart) to track its evaporation. The drop volume does not change
significantly during this time span, going from 119 fLL to 114 fL. (4.2% decrease).
This corresponds to less than 0.1 mN/m change in calculated surface tension
value. Thus, the droplet evaporation rate here can be assumed to not influence
the AFM measurements.

4.4.7. Measurement on water droplets

Vapour pressure of a liquid depends on the curvature of its air-liquid interface
due to the so-called Kelvin effect. This means that liquids like water become
extremely volatile when they are in the form of a tiny microscopic droplet. Since the
AFM measurement process takes roughly 15 minutes per scan area, it is important
that the droplet does not significantly evaporate during such time scales. This
may be achieved by proper control of the measurement environment, i.e., under a
vapour-saturated and low temperature conditions. My attempts to perform AFM
experiments on water drops using the JPK NanoWizard 4 AFM failed to give
reasonable force curves (Figure 4.12). The laser spot on the cantilever head was
too large that it locally heats the water drop during image scanning, even though
the measurements were done under sealed saturated vapour conditions at 5°C.
Further, my custom made cooling stage introduced unwanted mechanical noise

into the system, overall rendering such measurements unfeasible for volatile liquids
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like water.

On the other hand, my preliminary experiments using Cypher AFM (Asylum Re-
search) gave a rather smooth and stable force curve for water droplet, showing very
little hysteresis (Figure 4.12). Here, the Cypher AFM had a precisely engineered
inbuilt sample chamber, where the temperature and humidity can be controlled un-
der a sealed environment quite well without introducing noise. More importantly,
the laser spot on the cantilever head was focused to a much smaller area in this
particular AFM, which significantly minimised droplet evaporation during imaging
and force measurements. Based on the measured force curve shown here, using the
cone approximation of the tip shape, the surface tension of water was calculated to
be ~ 67 mN/m, quite close to the expected macroscopic value of 72 mN/m. Thus
my reported method could potentially be extended to other volatile liquid droplets
using an appropriate AFM instrument. A proper cooling system and a focused can-
tilever laser spot are essential for the system to inhibit droplet evaporation during

measurements.
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Figure 4.12.: AFM force-distance curves on water drops performed on the JPK
NanoWizard 4 (Bruker) attached with a custom made sample stage cooling sys-
tem (blue) and Cypher AFM (Asylum Research), which has an in-built cooling
system (orange). Measurements were performed using AC200TS cantilever tips
(9 N/m, 150 kHz) coated with PEG-brush.

4.4.8. Outlook

My method provides an alternative to previously reported AFM-based techniques
to measure surface tension, which necessitated fabrication of specially defined tip

geometries such as ‘nanorods’™ or ‘nanoneedles™?.

With such special tips, the
calculation of surface tension from the measured capillary force is straightforward,
since the cylindrical shape of the tip keeps the contact perimeter constant. How-
ever, fabrication of such special cantilever tips with uniform geometry is tricky
and expensive. My method uses standard pyramidal tips which are used widely
for general purpose AFM imaging. We need to coat the tips with a PEG-brush.

This coating is, however, an easy and inexpensive one-step process, which does not
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need special equipment or expertise. The relatively longer calculation procedure
involved in my method has also been automated with open sourced Python scripts,

making the method easily accessible to a general user.

4.5. Conclusion

In this chapter, I presented a method to measure surface tension of small liquid
droplets with a volume in the order of femtoliters. Atomic Force Microscopy (AFM)
was used to image the shape of liquid drops in tapping mode. In addition, AFM
force distance curves were recorded with PEG-brush coated cantilever tips. Thanks
to its low contact angle hysteresis, the PEG coating minimises liquid losses or
pinning effects of the moving contact line over the tip, resulting in an ideal force
response which could be modelled relatively easily. Further, the high surface energy
of PEG allows a liquid drop to have a small contact angle with the tip, resulting in
an improved measurement sensitivity due to the high capillary force. Simulations of
the drop interacting with an approximated tip geometry were performed to calculate
the surface tension from the experimentally measured drop adhesion force and drop
shape parameters, obtained by AFM. Using the pyramidal tip approximation, the
resultant surface tension values agree within a 10% error for a range of liquids when

compared to macroscopic measurements using a commercial tensiometer.
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5. Detachment mechanisms of hairy

adhesive pads

5.1. Summary

In this chapter, I will return our focus back to the biomechanics of animal adhesion.
We know that insects and some other animals can easily climb on most smooth
surfaces with the help of specialised adhesive pads on their legs. But how do they
control their leg’s adhesion? Active locomotion can only be possible if the insect
can also detach their legs easily by will after they are stuck to a surface. For the
case of an animal with hairy adhesive pads, a rapid change from strong attachment
to effortless detachment of the leg can be enabled by the asymmetric geometry of
the tarsal hairs. Such a geometry could allow the animal to easily reorient the
hairs of the pad so as to either enhance or reduce the total hair contact with the
surface, and thus control adhesion. But are there some other tricks that such
an animal can exploit for adhesion control? In this chapter, I will address this
question by proposing some alternate mechanisms by which the hairy pad can be
easily detached, even when the hairs possess no asymmetry. Here, I will examine
the possible function of the tibia-tarsus leg joint and the claws. Based on a spring-
based model, I consider three modes of detachment: vertically pulling the pad while
maintaining either a 1) fixed or a 2) free joint, or by 3) flexing the pad about the
claw. For each case, I numerically simulate the detachment process by considering
each event of hair contact loss as well as the corresponding pull-off and elastic forces
acting across the pad array. My proposed model illustrates the design advantage
of such fibrillar adhesive systems, that not only provide strong adhesion, but also
allow easy detachment, making them suitable as organs for fast locomotion and
reliable hold.

The contents of this chapter is adapted from my published research article®®. The
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Chapter 5 Detachment mechanisms of hairy adhesive pads

basic construct of the theoretical model was conceived by myself with the support

of_ The derivation of model equations and the scripts used to

simulate the model and generate relevant plots were written by myself.

5.2. Model

Similar to previously reported approaches®™, the fibrillar adhesive pad is assumed
to be a one-dimensional array of V; hairs, each behaving like a spring with spring
constant, kj, and natural length, [, (Figure 5.1). The array backing is assumed
to be stiff. The pad is attached to a linearly deformable leg (tibia), assumed to
be another spring with spring constant, k;, and natural length, [;. The leg is
hinged to the array at a distance, s, from the right end of the array. The hinge,
analogous to the tibia-tarsus leg joint of an insect, is at a vertical distance, d;, from
the surface. The hairs are spaced apart by a width, w, and the array is of length,
L = (N; —1)w. The pad is oriented at an instantaneous angle, ¢, while making
contact with a flat smooth surface. Each hair can attain a maximum length, [} ,,
before pull-off, such that its pull-off force, f, = ki, (lhp — ln0). Fhet is the net normal
force on the pad and M, is the the net moment about the hinge, at a particular
instant during the detachment process. I focus only on vertical detachment modes
and thus lateral friction forces between the hairs and surface are not considered for

my analysis.
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net

Smooth surface

Figure 5.1.: Spring contact model of a fibrillar adhesive pad. The pad
consists of an array of IV, hairs connected to a deformable leg at the joint. At a
particular distance, dg, n number of hairs are in contact and the array is oriented
at a tilt angle, 8, with the surface.

Suppose at a particular instant (Figure 5.1), there are n hairs in contact with the
surface. The centre of the region of the array in contact is at a vertical distance,

d', from the surface. The net force on the whole array is,

n
Fnet :Z kh (lh,i - lh,O)
i=1
I1,.; is the length of the i hair, which is at a horizontal distance, x;, from the centre

of the contact region. By simple geometry, l;,; = d’ — x;tan . Substituting [, ; in

above and noting that > x; = 0 by symmetry, we get:
i=1

Fnet = nkh (d, - lh,O)

From geometry, d, and d' is related as:
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ds d (n—1)w

sin9_sin¢9:S 2

Substituting for d’, the net force, F},.;, on the pad as a function of distance, d,, is:

—1
Fret = nky lds —lno — [8 — W] sin 9]

Simplifying, we get:

Fret = nky [ds — lpo — ¥sin 0] (5.1)

n—1
2

certain distance, ds 40, above which the left most hair will detach. Just before

where, ¥ = s — w. For a particular value of n, equation (5.1) is valid until a
detachment, this hair will be at its maximum length, [}, ,. We can derive d; 4, by
considering the situation just before the left most hair is about to detach (Figure
5.1). This hair will be at its maximum length, [}, ,,. Once again from geometry, we

see that ds 4, and [ ), is related as:

lh,p ds,ma.t

sin 6 sin 6

=n—-1w-—s

Substituting I, , = If—i + lp0 in above and simplifying, we get:

ds,max = lh,O + ].];p + [5 - (n — 1) U}] sin 6 (52)
h
Equation (5.1) will be valid for ds < dg maz-

The maximum possible adhesion of the array would be the case when all hairs

detach simultaneously (6 = 0°):

Frae = Ntfp (53)

The net moment, M,,;, about the joint can be similarly derived (see Appendix B):

The net moment about the joint due to the deformed hairs of the array is,

Mt :Z Aikn (lh,i - lh,o) cos ¢

i=1
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Here, \; = s — ("T_lw — C:;é) is the length of the lever arm between the *" hair

and the joint.

Substituting for l;; and eliminating d' as before, we get:

M et ZZ k:hcos@[s—(nz w — i )] [ds— (S_(n2)w> sin&—xitane—lh,ol

= cos

To calculate 3 z?, we follow:
i=1

n

3 B 1 2 2
x?:22$?=22[wcosﬁ(i—2>122@0260329[222'2— i—
i=1 i=1

n

[
[

i=1 = i=1 i=1 7

B
z

N N
Using the identities Y i? = w and Y 2 = w and simplifying, we
i=1 i=1

12

get > 22 =n ("2’1> w? cos? §. This, together with > z; = 0 (by symmetry), the
i=1 i=1
expression for M,.; above can be simplified to get:

Myer = nkyp cost [(ds — lho) [s— (71—1)@”1 — {[s— (n— 1)wr+ " 1w2}sin0]

Expressing the above in a simplified form by substituting for ¥, we finally get:

21
My = nky, cos 0 l(ds —lno) ¥ — {\112 + ”uwz} sin 9] (5.4)

Let us now consider the scenario where even the leg above the joint can undergo
elastic stretching together with the hairs. When a hair detaches from the surface,
the leg undergoes an elastic recoil due to the stored elastic energy. Suppose the
leg relaxes upward by a recoil length, Al, at the point of the joint. For n hairs in
contact, when a hair detaches, the array’s tilt angle will change from initial 6, to 6,
as a result of joint rotation. The i hair of the array thus deforms by Al;, which

by geometry, is derived as:

Al; = Al +iw (tan 6, — tan 0y) (5.5)
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The force balance before and after a hair detaches is thus given respectively by:

> b (s~ Ino) = ki (1 = o)

n—1
'—21 kn (i + Al — lho) = ki (I — Al — 1)
Solving the above two equations with equation 5.5 for Al, we get:

fp — knw(n/2)(n — 1) (tan b, — tan 6y)
kh (TL — 1) —|— k’l

Al = (5.6)

Thus, dj shifts by Al in equations 5.1 and 5.4 at each event of hair detachment (i.e.

when dy = d maz)-

I express the forces and distances in non-dimensional forms, as below:

A_i F Fnet d‘:ds_lh,07

P S =

s
 kyw’ net = kpw’  ° w L

Here, fp is a parameter which encapsulates the hair’s adhesion force, stiffness and
array density. Unless specified, positive force values represent attraction by con-
vention. Python scripts were written to solve the above equations under specific
detachment conditions (available in the public repository https://github.com/
PranavSudersan/paper-effect_of_tilt/blob/main/codes/Fibrillar’20adhesion}
20-%20Effect?200f%20tilt . ipynb)

5.3. Detachment mechanisms

I consider three tentative scenarios to detach the adhesive pad from a surface: 1)
Fized pull, where the pad is pulled vertically up while keeping a fixed joint; 2)
Free pull, where the pad is pulled vertically up while keeping the joint free to allow
rotation of the array; 3) Flez, where the pad is hinged to an external point (claw-
hinge), and detached in a rotary fashion, emulating the claw function in insects.
To investigate each case in detail, let us assume a pad to be a one-dimensional
analogue of a dock beetle’s adhesive pad'!5 with N, = 25 hairs and f, = 0.1 (see
discussion on detachment pathways for details) attached to a stiff leg (or tibia) with
k; — oo. The situation of a soft leg with k;/k;, = 10 is also considered for the first

two cases involving vertical detachment.
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.3 Detachment mechanisms

5.3.1. Fixed pull
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Figure 5.2.: Detachment by Fixed Pull. Force-distance curves for a fibrillar

adhesive pad, pulled vertically upwards with a fixed joint. The tilt angle, 6, of
the array is kept fixed during detachment. The leg (tibia) is either stiff (k; — o0)
or soft (k;/ky, = 10). Positive force values represent attraction between the array
and the surface. The green dashed line represents the maximum possible adhesion
for the pad. All values are normalised to dimensionless forms, as described in
text.

The fibrillar adhesive pad can be detached by pulling it vertically upwards while

maintaining a constant tilt angle, 6, with the surface. This can be achieved if the

joint is kept fixed. Equations 5.1, 5.2 and 5.3 can be used to get the resulting

force-distance curves for such a scenario. To summarise the numerical procedure

in brief, I start with an initial n = 25 hairs. F),.; is then calculated for increasing

ds, until dy = ds mqs, upon which n value is decremented by 1. The above process

is repeated for increasing d, until n = 0, indicating complete detachment. For the

case of the soft leg, on each instance when n is decremented, d; is increased by an

additional Al value (equation 5.6) in order to account for the recoil effect of the
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leg.

Increasing the tilt of the pad decreases its maximum force or adhesion (Figure 5.2).
Tilting the pad causes an inhomogeneous deformation of hairs, where, on one end
they are stretched, while, on the other end they are compressed. The balance of the
respective attractive and repulsive elastic forces of the hairs ultimately results in
a decrease in the net force. The tilted orientation also causes the individual hairs
to detach distinctly rather than simultaneously, further reducing the maximum
adhesion of the array. I term this effect of loss in adhesion due to a non-uniform hair
deformation across the array as elastic weakening. When there is no tilt (0 = 0°),
all the hairs undergo identical deformation and ultimately detach simultaneously
after a distance, ds = 0.1. Here, no elastic weakening occurs and the pad shows the

maximum possible adhesion.

For the case of a stiff leg (tibia), we see that at small distances, all hairs of the
pad are in contact with the surface, resulting in a linear force response. On further
pulling, the hairs will start to detach sequentially from left to right, indicated by a
characteristic saw-tooth jitter in the force curves. The pad with a higher tilt angle

initiates hair detachment first, in comparison to a pad with a lower tilt.

For the case of a soft leg (tibia), we observe a similar effect of tilt angle on the force
curves as before. The maximum adhesion force at a particular tilt is the same as
that for the stiff leg. The saw-tooth jitter are however minimised due to the leg’s
deformation, leading to a dampened force response. Interestingly, the force abruptly
drops to zero for the angles 0.2° and 0.4°. This is an effect of the elastic recoil of the
leg while each hair loses contact during the detachment process (equation (5.6)).
The length difference between the detached hair just before it breaks contact and
its adjacent hair is wsin @. If the leg’s recoil length, Al > wsin @, the adjacent hair
will be stretched more than its maximum length (I5,), and thus will also detach,
leading to further recoil of the leg. Equation (5.6) shows that Al increases with
every subsequent loss of hair contact if 6 is kept constant (i.e. 6, = 6,). This
implies that, once initiated, the leg’s recoil will always be large enough to detach
every remaining hair, resulting in a spontaneous propagation of the detachment
front until the pad completely breaks contact with the surface. This is consistent
with a recent report of catastrophic failure, due to a similar recoil effect of the
measurement system, seen in micro-fibrillar adhesives with a narrow variance of

individual fibril adhesive strengths®.
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5.3.2. Free pull
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Figure 5.3.: Detachment by Free Pull. Force-distance curves for a fibrillar
adhesive pad, pulled vertically upwards with a free joint. s is the distance between
the joint and the right end of the array and L is the array length. The free joint
allows further tilting of the array during the vertical pull. The leg (tibia) is either
stiff (k; — oo) or soft (k;/k, = 10). Positive force values represent attraction.
The green dashed line represents the maximum possible adhesion for the pad.
All values are normalised to dimensionless forms, as described in text.

Similar to the previous case, I once again consider the situation where the adhesive
pad is pulled vertically upwards for detachment. However now, the joint is assumed
to be freely movable. In this case, the array will reorient itself to maintain a zero
net moment about the joint during the entire detachment process. At any given
instant, the tilt angle, 6, can be found by setting M,; to zero in equation (5.4) to
get:

0 (czs, n) = arcsin (§ - ”g;ids (5.7)
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Using the above relation together with equations 5.1, 5.2 and 5.3, we can find force-
distance curves during a free vertical pull of the adhesive pad. A similar numerical
procedure as fized pull is followed here. Since the position of the joint will influence

the net moment, I use the ratio, s/L, to study its effect on the detachment forces.

Maximum adhesion is seen when the joint is positioned at the centre of the array,
ie. s/L = 0.5 (Figure 5.3). Here, the net moment due to the hairs is balanced
by symmetry and the array remains parallel to the substrate until all hairs detach
simultaneously at dy =0.1. Shifting the position of the joint further away from the
array centre leads to lower forces or adhesion. The resulting moment imbalance
will tilt the array, which reduces the net force due to the elastic weakening effect,
as described in the previous section. Higher s/L increases the net moment to be

balanced, leading to a higher tilt of the array and thus lower net force.

The force curves look qualitatively different compared to the previous case of fized
pull. A sharp maxima is seen, coinciding with the point when the first hair de-
taches. Beyond this, the force starts to decrease sharply and once again shows the
characteristic saw-tooth jitter as the subsequent hairs detach in sequence. Nearly
identical trend is seen for both a stiff and a soft leg (tibia). The elastic recoil of the
leg does slightly reduce the amplitude of the jitter for the soft leg case. However,
no abrupt drop in the force is seen like before. As the hairs detach, the array gets
tilted more and more (i.e. 6, < 6,), making it less likely for the recoil length, Al,
to exceed wsin 6, and detach the next adjacent hair. Thus here, we don’t see any

propagation of the detachment front when the leg is soft.
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5.3.3. Flex
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Figure 5.4.: Detachment by Flex. Force curves for a fibrillar adhesive pad

detached by flexing it about the claw. Fpu” = i’;ﬂ is the normalised pulling force

necessary to apply the moment about the claw-hinge for detachment, Fhinge =

Fhinge s the normalised reaction force on the claw-hinge czs — %70 o the
kpw ) w

normalised vertical distance of the claw-hinge from the surface. Here, s;/L =1
and s, /w = 10. The green dashed line represents the maximum possible adhesion
for the pad.

Instead of a vertical pull, the adhesive pad can also be detached by rotating it about
the claw-hinge, located outside the array. Such a mode of detachment will be driven
by a moment applied by the leg (tibia) to rotate the pad around the claw-hinge
until all the hairs lose contact. Let s;, be the distance between the claw-hinge and
the right end of the array; s; be the distance between the joint and the right end
of the array. The joint is assumed to be fixed here. To illustrate the mechanism,
let us fix s;/L = 1 (here, L = 24w) and s,/w = 10 and vary the vertical claw-
hinge distance, d,. At any particular instant, the pulling force applied by the leg,

Fout = Mt/ (s1+ sn), where M, is obtained by setting s = —sy, in equation (5.4).
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Equation (5.1) will give us the reaction force acting on the claw-hinge, Fquw—ninge-

Decreasing the vertical claw-hinge distance reduces the pulling force necessary to
undergo detachment by flexing (Figure 5.4). One can imagine that initially, when
the array is parallel to the surface, a lower value of dy means the hairs are in a
more compressed state. When the pad is subsequently rotated around the claw-
hinge, the tilted array will once again lead to an elastic weakening effect due to the
inhomogeneous deformation of hairs. This results in a decrease in the net moment
and thus lower F},,; for smaller values of d,. F,,; can be further reduced of course

by increasing the lever arm (s; + sp,).

Detachment by flexing requires that the claw remains fixed and stable during the
process. We see that generally, the normal load, acting on the hinge, Fiqw—ninges
follows a similar trend as Fp,; (Figure 5.4). For low values of ds, Fiqw—hinge 80€S
to negative values, implying that the claw should stick well with the surface, per-
haps by mechanical interlocking, to resist this negative load. As the detachment

progresses however, the array starts to exert a positive load on the claw.

5.4. Discussion

In order to characterise how a particular detachment mechanism influences the

adhesion of the pad, I introduce a parameter, reduction factor, defined as:

r— Nifyp

5.8
Fadh ( )

Here, F,4;, is the adhesion force required to detach the pad from the surface following
a given mechanism and N, f,, is the maximum possible adhesion of the pad (equation
(5.3)). Reduction factor, r, represents the extent to which the adhesion can be
reduced by choosing the mode of detachment. A large value of r implies that
adhesion can be reduced by a greater factor, and this mode is more suitable to

easily detach.

5.4.1. Effect of f,:

o

Rlns governs the strength and compliance of

The dimensionless parameter, f, =

the array, where, high values represent a dense array of strongly adhering soft hairs.
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5.4 Discussion

Let us consider the case of an adhesive pad with N, = 25 hairs and look at how fp

influences the reduction factor under each mode of detachment (Figure 5.5).

0 Fixed pull Free pull Flex
10 102
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0

-2 10
107
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101 —d.4 —0I.2 0.0
ds

Figure 5.5.: Effect of fp on reduction factor. Colour plots showing the ef-
fect of the dimensionless parameter, f,, on the reduction factor for each mode
of detachment. Here, I fix the number of hairs, N; = 25. The dimensionless

5 ds—l N . .
parameters d, = =—*% and 3 = 7, as described in text.

When detachment follows the fized pull method (Figure 5.5), for a constant fp, the
reduction factor increases with increasing tilt angle, 6, and then decreases, showing
a maximum r of 25 at an intermediate #. Higher values of fp shifts this maximum
point to higher values of #. This trend relates to the elastic weakening effect
discussed before. Smaller values of 6 bring a proportion of hairs under compression,
reducing the adhesion and thus increasing r. On further tilting the array, eventually
the proportion of stretched hairs will overcome the ones under compression, which
ultimately reduces r at high 8. When the individual hairs show strong adhesion
(i.e. for high fp), a greater tilt is necessary to bring the net adhesion of the array

down.

For the case of detachment via free pull, fp has no influence on the reduction factor.
On the other hand, shifting the position of the joint further away from the array
(i.e. high s/L) results in large values of r. In this scenario, the higher moment
exerted by the array leads to a higher tilt, and thus increases the reduction factor

via elastic weakening, saturating to the maximum value of 25.

For detachment by flexing, the reduction factor increases for higher initial compres-
sion of hairs (low d,). The pad notably shows a much higher reduction factor at
low values of fp and dy, with values as high as 100. Since this mode of detachment

is driven by moment, the pulling force necessary to provide the moment can be
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decreased without any limit simply by having a long lever arm (§;), i.e., with the
joint positioned farther away from the array. In contrast, for the previous cases of
free pull and fized pull, the reduction factor is capped to the maximum number of
hairs in the array (V; = 25). Here, elastic weakening can only reduce the array’s

adhesion force from N, hairs down to a single hair at most.

5.4.2. Effect of N;:

Let us now fix fp = 0.1 and investigate the influence of the number of hairs, NV,
on the reduction factor (Figure 5.6). The colour plots show that high N; increases
r irrespective of the mode of detachment. Under a tilted state, more hairs are
compressed when Ny is high, which reduces the net adhesion. This highlights
another advantage of having a split contact design found in many biological systems.
A design comprising of a large number of hairs not only enhances the adhesion due
to scaling effects®®, but could also offer a better control over adhesion, making it
quite suitable for reversible attachment and detachment during locomotion. The
specific trends of reduction factor for each mode of detachment can be understood

by similar arguments of elastic weakening, as discussed in the previous section.
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Figure 5.6.: Effect of V; on reduction factor. Colour plots showing the effect
of the number of hairs, V;, on the reduction factor for each mode of detachment.
Here, I fix the dimensionless parameter, f, = 0.1. The dimensionless parameters

5 de—l .
d, = =% and 3 = 7, as described in text.

Figures 5.5 and 5.6 can be combined into a single set of colour plots by defining
a new dimensionless parameter, y = prt = f" - (Figure 5.7). Overall, we see
that flex mode of detachment shows the highest reductlon factor among the three

modes, with the optimal value of x ~ 1.
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Figure 5.7.: Effect of x on reduction factor. Here, I define a unified dimen-

sionless design parameter y = IpNe combining fp and /N, into a single number.
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5.4.3. Detachment pathways:

Based on the three modes of detachment discussed in the previous sections, one can
think of several strategies to detach fibrillar adhesive pads from the surface. To illus-
trate this, let us consider the adhesive system of a dock beetle. The beetle is known
to have 3 sets of hairy tarsal adhesive pads in each of their legs, each possessing hairs
of different geometries. To keep my analysis simple, I will assume each leg to have
only two adhesive pads, with identical hairs of mushroom-shaped geometry. The
distal and proximal pads possess roughly 500 and 1000 hairs, respectively*. Assum-
ing the pads to be rectangular arrays of 20 x 25 and 40 x 25 hairs, I can model this
as a one-dimensional system of 20 and 40 effective hairs, respectively, by combining
the hairs along the width. Based on reported measurements'®, the beetle’s effective
hair is thus considered to have an effective pull-off force, f, = 0.5 x 25 = 12.5 pN
and effective spring constant, k, = 0.5 x 25 = 12.5 N m™!. The beetle’s hairs are
approximately [, o = 40 pm long, spaced w = 10 pm apart. At end of the tarsal
segments, there is a claw, around 200 pm long, and the leg (tibia) is connected
roughly at the end of the proximal tarsal pad. This will put §, = 20 and s;/L = 1,
measured relative to the right end of the distal pad. The beetle’s leg is assumed
to possess two joints which could serve as a hinge for rotation during detachment
(H; and Hy in Figure 5.8 inset). The claw can be used as an external hinge (Hs)

by flexing the tarsal pad around it.

Based on the above assumptions, we can come up with force-distance curves to

detach the beetle’s leg via various pathways (Figure 5.8). First, let us assume the
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joint Hs to be fixed, such that both the distal and proximal pads can be combined
to behave like a single long pad with N; = 60 hairs. Path 1 shows the case where
the pad shows maximum possible adhesion. Here, the combined pad is vertically
pulled upwards while keeping the array perfectly parallel to the surface. If this
combined pad is detached by keeping H; fixed and maintaining a tilt of 1° with the
surface (path 2), the forces dramatically reduces, with around 10 times reduction
in the adhesion compared to path 1. We can also detach the pad by switching
between the different mechanisms. Path 3 shows one such example, where, initially
the leg is pulled vertically up while keeping H; fixed, stretching the hairs similar
to path 1. On reaching point a, H; is set free, which results in a sudden drop in
force due to the excess moment by the stretched hairs, tilting the array. Beyond
this, the force curve follows the free pull mechanism, with ~ 3.5 times reduction
in adhesion. An alternate strategy of switching between mechanisms would be to
first apply a load on the pad (path 4) and compress the hairs until point b. Beyond
this point, the claw can be used as a hinge to detach the pad via flexing it around
Hjs, which once again reduces the adhesion force. Now, if we assume the joint Hs to
be free such that the two pads can behave distinctly, we can consider the scenario
where the proximal pad is flexed around the distal pad at Hy while keeping H; fixed
(path 5). After the proximal pad has completely detached, H; can be freed up at
point ¢ to detach the distal pad via free pull with very little force. This pathway

results in a ~ 5 times reduction in adhesion.
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Figure 5.8.: Beetle leg detachment pathways. Force curves showing the
theoretical detachment pathways possible for a dock beetle’s leg, as function
of distance between the pad and the surface. The curves are offset laterally for
clarity. Colours represent the distinct detachment pathways, labelled as path 1
to 5, with arrows indicating the direction of retraction. Points a, b and ¢ indicate
instances of switching between the different detachment mechanisms for paths 3,
4 and 5 respectively (see text for details). The different line style denotes the
specific detachment mechanism followed by any region of the pathway. The inset
schematic shows the assumed locations of the different joints or hinges (H;, Hs
and H3) employed by the leg.

The above analysis illustrates how the design of the beetle’s hairy adhesive pads
is suitable for modulating its adhesion. Effective control and release of its joints
can help the insect to reduce the pad’s adhesion, allowing it to detach with little
effort. High reduction in adhesion is seen when the pad is tilted relative to the
surface during detachment, as a result of elastic weakening. To the best of my

knowledge, there is no direct experimental evidence that beetles or any other an-
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imal can modulate its adhesion by taking advantage of this effect. Considering that
hair deformation occurs at length scales below 10 pm, direct observation of this ef-
fect on running beetles would be challenging. A recent study on PDMS micro-pillar
arrays, however, does indeed show a strong reduction in the adhesion force due to
slight misalignments with the surface'!. Based on previously reported microscopic
investigation of freely walking dock beetles®®, I argue that the following experi-
mental observations provide support to my proposed model: 1) The detachment
was shown to follow a three-dimensional twist of the leg, which suggests a complex
inhomogeneous deformation of hairs across the array, leading to elastic weakening,
which is suited for easy detachment. Similar twisting action during detachment
was also observed in flies™ and has been used to easily detach mushroom-shaped
artificial adhesive arrays®®. 2) The beetle can at times instantaneously detach all
its legs and drop itself while upside down. This could be explained by the beetle
freeing up its joints and using just its body weight to provide the necessary force to
detach all its legs via free pull (similar to path 3 above). Lateral video recordings
showed that in this scenario, claws were the last to detach when a leg loses contact
with the surface, which also indicates a flex mode of detachment (similar to path
5). 3) Only a fraction of the beetle’s pads made contact with the surface during
locomotion, which indicates that the pads should naturally be in a slightly tilted
state. This not only reduces the contact area, but also non-uniformly deforms the
hairs, both leading to a reduction in adhesion for easy detachment. 4) Contact
images showed that the array peels from the proximal to distal direction during
detachment. However, the beetle’s hairs are attached to a relatively stiff backing”®,
so it wouldn’t be able to peel its array, since peeling, strictly speaking, depends on
the elastic contribution of a thin flexible backing as it bends during the process®.
Rather, the peeling observed in the beetle’s case should be a result of the pad
detaching from the surface in a tilted orientation, causing the hairs to distinctly
detach in sequence. 5) The time scale of detachment was reported to be an order
of magnitude shorter than the attachment time scale, which could be a result of
the elastic recoil of the leg causing a spontaneous propagation of the detachment
front (Figure 5.2).

There exists a limit to how much the pad can tilt, depending on its geometry and
material properties. Suppose the hair has a maximum linear elastic strain limit, ¢,,,
and natural length, [, o. Based on Figure 5.1, if the right most hair is compressed

to its elastic limit, one can derive from simple geometry, that, the corresponding
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maximum limit in tilt angle is given by:

lh,Ogm

O1imir = arctan —————
it arcan(Nt_l)w

0imi¢ Will limit the reduction factor for each of the detachment mechanisms presen-
ted. Longer hairs can result in a lateral collapse or bundling of hairs, imposing an
additional constraint on 6;;,,;;. Large deformation of hairs can also lead to buckling,
which will further limit the reduction in adhesion due to the smaller effective mod-
ulus. Buckling could also, interestingly, promote easier detachment in the free pull
mode. When the compressed hairs at one end of the array buckle, there would be
an excess clockwise moment in the array system (Figure 5.3). This excess moment
could subsequently drive the detachment of the remaining hairs. In the case of
biological systems, the ability of an insect to provide the load necessary to tilt and
compress its hairy adhesive pad against the surface would further introduce limita-
tions to follow any of the detachment modes discussed here. All things considered,
the geometry and elastic properties of the individual hairs are crucial parameters to
consider in the design of an optimal array system which shows reversible adhesion

via elastic weakening.

My analysis had been limited to normal forces during detachment. A similar ana-
lysis considering the energy required to detach the array will however not yield any
elastic weakening effect. Since I had assumed a purely elastic system, the initial
and final energy of the system would be the same regardless of the mode of detach-
ment, and thus the work of adhesion would remain identical in all scenarios. The
reduction of adhesion force is however advantageous since an insect wouldn’t then
need a strong muscular to system to detach its legs, which are typically capable of

attachment forces several times its body weight3!.

5.5. Conclusion

Controlled detachment of a fibrillar system similar to an insect’s tarsal hairy adhes-
ive pads can be achieved by either 1) pulling the pad while maintaining a constant
tilt angle, 2) pulling the pad while maintaining a free tibia-tarsus leg joint or 3)
flexing the pad around the claw. In all three scenarios, an inhomogeneous deform-

ation of hairs across the array results in significant reductions in the net adhesion
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due to an elastic effect. Strategic control of the joint’s mobility or claw can allow
the leg to easily switch between the above mechanisms, thus providing a simple way
to reduce adhesion as per necessity. The presence of a deformable leg can further
trigger a spontaneous propagation of hair detachment due to the leg’s elastic recoil,
making it suitable for fast detachment. Arrays with low fp and large number of
hairs, with a hair geometry that allows for large deformations while avoiding buck-
ling and lateral bundling represent the optimal design conditions to maximise the
range of control over adhesion. The proposed model has been compared with pre-
viously reported experimental observations of leg detachment in dock beetles and
highlights possible role of the joint and claws to enable reversible adhesion. Similar
strategies could potentially be adopted in the design of bio-inspired artificial fib-
rillar adhesives to easily switch the adhesion state without the need of asymmetric

structures.
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My doctoral research work began with a goal to understand the fundamental mech-
anisms by which some insects such as ladybug beetles can stick to surfaces when
underwater. Hosoda and Gorb*” who reported the first known observation of this
insect’s special ability hypothesised that an air bubble trapped by the hairy ad-
hesive pad of the beetle was responsible for its underwater adhesion, since the
air bubble could exert a certain attractive capillary force between the leg and the
surface. In chapter 3, I tested this hypothesis by performing controlled adhesion
measurements on a constrained leg of live ladybug beetles while they are submerged
underwater. I showed that the trapped bubble, rather, did not appear to have a
significant role on its adhesion. Even in the absence of any bubble, its leg showed
a strong adhesion to flat hydrophobic surfaces. On the other hand, underwater ad-
hesion on a hydrophilic surface was found to be quite weak, irrespective of whether
a bubble was present or not. My experiments thus eliminated the possibility that
a trapped air bubble could contribute in the beetle’s attachment when submerged
underwater. So then what is the real cause of its underwater adhesion? A hint
towards answering this question would be that the insect actually also secretes a
small amount oily fluid at the tips of its setae. This oily secretion can have quite
different interfacial tension or contact angle values with a surface, depending on
if the secreted fluid is surrounded by air or water. This implies that its capil-
lary force could be quite different, depending on the surrounding medium and the
substrate surface energy. I thus developed a simple theoretical model to estimate
the net adhesion of a single adhesive pad resulting from capillary force due to the
secretions. The calculated adhesion forces based on this model followed the same
trend as the experimentally obtained values for both hydrophilic and hydrophobic
surfaces, with or without a trapped air bubble on its leg. The model also showed
that, had there been an air bubble trapped around the setal array, its contribution
would be relatively negligible when compared to the total force contribution due to

the secretions. In this manner, by using a combination of experiments and theory,
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I showed that the underwater adhesion in ladybug beetles is primarily governed by

the capillary force and wetting properties of its oily secretions.

My results from this work also motivated me to develop a method that would allow
surface tension characterisation of the insect’s secretions. This can be particularly
challenging since the insect secretes a very tiny volume of fluid in the order of a
few femtoliters. Thus, any form of characterisations require alternate microscopic
techniques. In chapter 4, I described a possible method to make such experiments
possible by using Atomic Force Microscopy (AFM). Adhesion force measurements
can be performed with the AFM over microscopic liquid droplets deposited on a
clean surface. The obtained adhesion values was then compared with a theor-
etical estimate using numerical simulations in order to back calculate the liquid
surface tension. I found that a key experimental trick to enable such AFM meas-
urements was by coating the cantilever probes with a thin layer of polyethylene
glycol-based polymer brush. Such a coating prevents the liquid drop from sticking
to the AFM tip, since polymer brushes show a very low contact angle hysteresis
(<5°) to most liquids while simultaneously also having a hydrophilic surface chem-
istry. The presented method would allow surface tension measurement of liquid

droplets with a volume of the order of femtolitres.

In chapter 5, I focused my attention towards the biomechanics of insect detachment.
In order to enable locomotion, the insect’s leg should not only show a strong adhe-
sion to surfaces, but should also have the ability to quickly detach its leg without
much effort. In this regard, based on a theoretical model, I proposed possible
strategies by which an insect with hairy adhesive pads could potentially reduce its
adhesion during the moment of detachment. Here, I showed that the design of
the hairy pad can inherently allow the insect to modulate its maximum adhesion
by simply reorienting the tilt angle of the pad relative to the surface while under
contact. Such a tilt would cause some of the hairs of the pad to be stretched on
one side and compressed on the other side. The resulting net elastic force due to
the deformed hairs was found to significantly reduce the pad’s adhesion. Further, I
showed that the tilt of the pad would also cause its individual hairs to sequentially
detach as distinct events rather than simultaneously. This minimised the combined
effort of all the hairs and thus also reduced the total adhesion. The insect could
modulate the tilt by either using its claws as a hinge or by actuating the muscle

joint that connects the adhesive pad to its leg.
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The presented work in this dissertation could inspire several areas of future research
lines. Capillary forces could perhaps be used as a strategy to design artificial ad-
hesives for underwater applications. Micro-structured adhesives fabricated using
soft lithography techniques has been an active research area over the past decades,
where the inspiration was taken mostly from geckos to design strong chemical-free
‘dry’” adhesives that work well in air. Research on artificial underwater adhesives
has only gained increased attention in the recent years. Here, a majority of work is
focused on either mimicking the strategies used by marine animals, such as design-
ing novel chemicals with similar functional groups as the adhesive secretions of
mussels and barnacles, or by designing microscopic suction cups inspired by oc-
topuses or cling fishes. A capillary based approach for underwater adhesion, to my
current knowledge, has not yet been explored in detail. Some of my preliminary
work in this regard (not included in the dissertation) used artificially fabricated mi-
cropillar arrays with mineral oil deposited on the pillar tips to mimic the beetle’s
hairy adhesive pads. My underwater adhesion measurements did indeed show a
similar trend as that of the reported values for the insect. However, a main chal-
lenge in such an artificial system was to design a method that would allow liquid
bridges to remain at the tips of pillars with minimal volume loss due to repeated
contacts. Even in the biological system, it is not quite clear how an insect min-
imises the continuous loss of fluid during the countless steps that it takes every
day, nor is the exact working of its secretion system fully understood. A detailed
study in this area could help develop capillary based artificial adhesive systems
with a practical application. Further, my proposed detachment mechanisms that
would control the adhesion of the microstructured array could also be tested on
artificial systems in order to reversibly attach and detach the adhesive. Finally, I
had described a new method to perform surface tension measurements on liquid
droplets of femtolitre scale volume. This could be particularly useful to study sys-
tems that are governed by microscopic wetting phenomena. One example is the
influence of atmospheric aerosols created by sea spray on climate change. In this
regard, knowledge of the aerosol interfacial properties could provide valuable in-
sights. Climate models typically assume the surface tension value of these aerosol
particles since direct measurement on a single particle can be quite difficult. Here,
the AFM based method could possibly be used to characterise the aerosols, which

should potentially help improve the climate model predictions.
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A. Appendix

A.1. Evolver script: Pinned circular bridge
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Figure A.1.: Wire diagram

Script file can be found in https://github. com/PranavSudersan/paper-underwater_

adhesion/blob/master/plot%20codes/evolver_ladybug.fe

// circular_bridge_evolver. fe

// Evolver data for bubble between plate and a pillar

// Bottom surface contact angle can be varied

//Bubble is pinned to rim of pillar. Radius can be changed

//Modulus of pillar can be changed to account for elastic deformation
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Chapter A Appendix

//Origin at center of bubble between pillar and surface
//CHECK IF CONSTRAINT 5 IS APPLIED ON FACES. REMOVE AS PER REQUIREMENT

//IMPORTANT: Angles taken w.r.t. water (outside) for a
//bubble capillary bridge. For fluid bridge,
//set angles to complement value. Check "CHECK' tags in code.

//CHECK EVOLVE ROUTINE OPTIONS '"gogo" BELOW! UNCOMMENT ACCORDINGLY!!

//parameter top_angle = 120 // pinning angle (top)

parameter bottom__angle = 130 // contact angle (bottom)

parameter pin_radius = 1.440965 // pinning radius

parameter height = 1.8 // current separation of plates (SET EQUAL
TO height_start!)

parameter y_modulus = 1E6 // Young’s modulus (Yxs/gamma) stiff: le6

parameter aspect_ratio = 1 //aspect ratio h/2r

parameter height start = 0.3 // initial separation of plates

parameter height_end = 0.5 // final separation of plates

parameter dh = 0.025 //height step size

parameter pillar_height = 1//2xpin_radiusxaspect_ratio
//pressure 10 //ideal gas model, non—dimensionalized as P/(y/s)
gravity__comnstant 0 // start with gravity off

keep__macros

view__matrix // view focus on bridge
1000

0100

0010

000 1.5

#define vol 4xpi/3
#define width (vol/height)™0.5
//#define pillar_height 2xpin_radiuskxaspect_ratio

// Contact surface tensions

//#define UPPERT (cos(top_anglexpi/180)) // virtual tension of facet
on plane

#define LOWERT (cos(bottom_ anglexpi/180))
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A.1 Evolver script: Pinned circular bridge

quantity upper_length info only method edge scalar_ integral // top
contact length

scalar__integrand: 1

quantity lower_length info_only method edge_scalar_integral // bottom
contaact length

scalar__integrand: 1

quantity upper_area info_only method edge_vector_integral // top
contact area

vector_integrand:

ql: 0
q2: x
q3: 0

quantity lower_area info_only method edge_vector_integral // bottom
contact area

vector__integrand :

ql: 0
q2: x
qd3: 0

quantity mean c¢ info_ only method mean_ curvature integral // mean

curvature

constraint 1 /% the lower plate x*/

formula: z = —height /2

energy: // for contact angle
el: —(LOWERTxy) //+ Gxz~2/2xy
e2: 0

e3: 0

content: //volume correction
cl: 0

c2: —z*X

c3: 0

constraint 2/x the upper plate */

formula: z = height /2

//energy: // for contact angle and gravitational energy under missing
facets

//el: —(UPPERTxy) //4+ Gxz"2/2xy
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//e2: 0
//e3: 0

content :
cl: zxy
c2: 0
c3: 0

constraint pinned convex/*x pinning constraint x/

formula: x°2 4+ y 2 = pin_radius™2

//constrain all vertices to lie between plates (mnot used)
constraint 3 nonpositive
formula: z = (height/2)

constraint 4 nonnegative
formula: z = —(height /2)

//constrain vertices to lie outside pillar region (include in faces
only) CHECK!

constraint 5 nonnegative //USE ONLY FOR SMALL HEIGHT AND HYDROPHILIC
SURFACE! !

formula: x72 4+ y~2 = pin_radius™2

//constraint plates (not needed)
constraint lower_ plate

formula: z = —height /2

constraint upper_ plate

formula: z = height /2

constraint pillar_top
formula: z = pillar_height+height /2

// for restoring after perturbation

define vertex attribute old_coord real [3]

vertices
1 —width/2 —width/2 —height/2 constraint 1,4 /% 4 vertices on
lower plate =/
2 width /2 —width/2 —height/2 constraint 1,4
3 width/2 width/2 —height/2 constraint 1,4
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13
14
15
16
17
18
19
20
21
22

23

24

edges

—width/2 width/2 —height/2 constraint 1,4
—width/2 —width/2 height/2 constraint 2,4,pinned /% upper
plate =/
width /2 —width/2 height/2 constraint 2,4 ,pinned
width/2 width/2 height/2 constraint 2,4,pinned
—width /2 width/2 height/2 constraint 2,4,pinned
2 2 —height/2 fixed constraint lower_plate/+« for lower plane
*/
2 —2 —height /2 fixed constraint lower_plate
—2 —2 —height /2 fixed constraint lower_plate
—2 2 —height/2 fixed constraint lower_plate
—width/2 —width/2 height/2 constraint upper_plate,pinned
/x pillar x/
width /2 —width/2 height/2 constraint upper_plate,pinned
width /2 width/2 height/2 constraint upper_plate,pinned
—width/2 width/2 height/2 constraint upper_plate,pinned
—width/2 —width/2 pillar_height+height/2 constraint
pillar_top ,pinned
width /2 —width/2 pillar_height+height /2 constraint
pillar__top ,pinned
width /2 width/2 pillar_height+height /2 constraint
pillar_top ,pinned
—width/2 width/2 pillar_height+height /2 constraint
pillar_top ,pinned

/* given by endpoints and attribute x/
1 2 constraint 1,4 color green lower_length lower_area

mean_c/+* 4 edges on lower plate =/

2 3 constraint 1,4 color green lower_length lower_area
mean_ ¢

3 4 constraint 1,4 color green lower_length lower_area
mean__c

4 1 constraint 1,4 color green lower_length lower_area
mean__c

5 6 constraint 2,4 ,pinned color red upper_length upper_area

mean_c /+ upper plate x/

6 7 constraint 2,4 ,pinned color red upper_length upper_area
mean__c
7 8 constraint 2,4 pinned color red upper_length upper_area
mean__c
8 5 constraint 2,4 ,pinned color red upper_length upper_area
mean_ ¢
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13
15
17
19

21 13

14

plane

22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

14
15
16
17
18
19
20
21
22
23
24
17
18
19
20

1 115 =5

15
16
13
18
19
20
17
22
23
24
21
21
22
23
24

no refine
*/

no_refine
no_refine
no refine
tension
tension
tension
tension
tension
tension
tension
tension
tension
tension

tension

O O O O O O O o o o o o

tension

1 5 constraint 4 mean_c
2 6 constraint 4 mean c
3 7 constraint 4 mean_c
4 8 constraint 4 mean c

fixed constraint

fixed
fixed
fixed
constraint
constraint
constraint
constraint
constraint
constraint
constraint
constraint
constraint
constraint
constraint

constraint

5 here for log heights

constraint
constraint

constraint

lower__plate

lower__plate
lower__plate
lower__plate
upper__plate , pinned
upper_ plate , pinned
upper_ plate , pinned
upper_ plate , pinned
pillar__top ,pinned
pillar__top ,pinned
pillar_top ,pinned
pillar_top ,pinned
pinned
pinned
pinned

pinned

/* given by oriented edge loop x/
—13 constraint 4 frontcolor lightblue //Add constraint

/* for lower

/* pillar x/

2 2 17 —6 —15 constraint 4 frontcolor lightblue

3 3 19 —7 —17 constraint 4 frontcolor lightblue

4 4 13 —8 —19 constraint 4 frontcolor lightblue

5 25 34 —29 —33 tension 0 constraint pinned frontcolor red //top

pillar

6 26 35 —30 —34 tension 0 constraint pinned frontcolor red

7 27 36 —31 —35 tension 0 constraint pinned frontcolor red

8 28 33 —32 —36 tension 0 constraint pinned frontcolor red
bodies /+ one body, defined by its oriented faces x/

1 1234 volume vol density 1

//

//

2

5 6 7 8 density 0

SCRIPT

read
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set background white;
//set edge color clear where on_ constraint pinned;

//color formatting
set face color lightred where on_ constraint pinned;
set face color yellow where on_ constraint 4;

//set edge color clear;

re := { refine edges where on_ constraint 1 or on_ constraint pinned}

// Evolve for low heights <0.5 (set as gogo when needed)
//gogo := {re; g2;

// {r; u; Vi og 23} 3;

/] U;g20;U;

// scale val := scale;

// set edge color clear where on_ constraint pinned;

// }

//gogo = {re; g2;

/1 Ars ws Viog 23} 03

// g100;U; g20;U;

// scale_val := scale;

// set edge color clear where on_ constraint pinned;

// }

// Evolve for high heights > 0.5 (set as gogo when needed)
gogo = {gh; re; gb;

{r; u; V; g 10;} 3;

g100;U;g100;U;

scale_val := scale;

set edge color clear;

}

// For saving coordinates before perturbation
save_coords := { foreach vertex vv do

{ set vv.old coord[1] x

set vv.old coord[2] y;

z

b

set vv.old_coord[3]

?
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// For restoring coordinates after perturbation
restore_coords := { foreach vertex vv do
{ set vv.x old_coord[1];
set vv.y old_coord[2];
set vv.z old_coord[3];
}
}
// Force by central difference of energy minima
compute_force := { save_coords;
dheight := 0.000001;
height := height — dheight;
optimize 1;
g100;
lo_energy := total_ energy;
restore_coords;
height := height + 2xdheight;
g100;
hi_energy := total energy;
restore_coords;
height := height — dheight;
forcel := —(hi_energy — lo_energy)/2/dheight/2/pi;

/xforce calculated by pressure and angle at bottom
surfacex/
force2 := (((body[1l].pressure—ambient_pressure_value)x
lower__area.value)—
(lower_length.valuexsin (bottom_anglexpi
/180)))/2/ pi;
/xforcela := —(hi_energy — lo_energy)/2/dheight;x/
printf "%—#2.6g\t%—#2.3g\t%—#2.3g\ t %—#20.15g\n" ,

height ,forcel ,force2 ,scale_val;

//compute minimum and maximum radius

compute_neck :=
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{
min_radius := lel2;

max_ radius := —1;

foreach vertex vv where on_constraint 4 do

{

vertex radius := sqrt(vv.x 2 4+ vv.y 2);




A.1 Evolver script: Pinned circular bridge

min_radius := minimum(min_radius,vertex_radius);

max_radius := maximum(max_radius,vertex_ radius);

}s

//compute contact angle of water at pinned contact line

compute_angle := {
angle_sum := 0;
ind := 0;

foreach vertex vv where on_ constraint 2 do

if vv.vertex normal[l]*vv.x > 0 or vv.vertex mnormal[2]xvv.

y > 0 then
{angle_sum := angle sum+acos(vv.vertex_ normal[3]) ;}
else
{angle_sum := angle_sum—acos(vv.vertex_normal[3]) ;};
ind4++;

b

pin_angle := (angle_sum/ind)*180/pi;//take average

}

//force—distance data
curve = {
quiet on;

define ba_list integer [1]; //ARRAY SIZE CHECK!!!
//ba_list := {24, 120}; //BOTTOM ANGLE LIST
//ba_list := {30, 130, 174, 179};

ba_list := {30};

for (jnx := 1; jnx <= sizeof(ba_list); jnx++)

{

bottom_angle := ba_list[jnx];

printf "Height:\tForce:\tForce_ Calc:\tScale\n";

num := l+abs((height_end—height_start)/dh);

if height_end > height_start then {h_step := dh;} else {

h_step := —dh;};

// save data
outdir := "E:/Work/Surface Evolver/Data/Bubble Bridge
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/20201123 constant total fluid volume/D_d=70/fluid /";
//CHECK OUTPUT DIRECTORY
params := sprintf "pr¥%g ba%03g ym%g ar%g ap%g",pin_radius,
bottom__angle ,y_modulus, aspect_ratio ,
ambient_pressure_value; //fixed parameters
for filenames
outname := sprintf "%sdata—%s_hi%2.6g_hf%2.6g.txt",outdir
params, height_start ,height_end;
printf "Bottom_ Angle\tPin Radius\tElastic_ Modulus\
tAspect__Ratio\tAmbient_Pressure\t"
"Height\tBase_Height\tHeight_Final\tStrain\tForce)\
tForce__Calc\t"
"Energy\tArea\tScale\tVolume\tPressure
tBottom_ Length\t"
"Top_ Length\tBottom_ Area\tTop_ Area\tMean_ Curvature\
e
"Min_ Radius\tMax_ Radius\tPinning_ Angle\tIterations\
0’
>> outname;

//local inx;

total deform := 0;
height__deform := 1;
h_diff = 1;
h_init := height_start;
deform_newer := h_init;
h_boundl := —100;
h_bound2 := 100;
inx = 1;
knx := 0;
min_ radius := lel2;
min_radius_tol := 0.01; //radius of rupture
dataline := "";
while inx <= num do
{

replace_load datafilename;

if abs(h_diff) > 0.0001 then //converge elastic

deformation
if deform_ newer < h_boundl then {height :=

h_boundl;}
else if deform_newer >h_bound2 then {height :=
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h_bound2;}
else{height := deform_newer;};
}
else
{printf "%s",dataline >> outname;
height := height_start+inxxh_step;
h_init := height;
total deform := 0;
deform_newer := 0;
knx := 0;
min_ radius := lel2;
inx++;};
pillar _height := (2xpin_radiusxaspect_ratio)—

total deform; //update pillar height

if inx > num then {break;};

if knx = 2 or min_radius < min_radius_tol then {
height__deform := 0; h_diff := 0; continue;}; //
CHECK! maximum 2 iterations

bottom_angle := ba_ list[jnx];

recalc;

gogo; //evolve

set edge color clear where on_ constraint pinned;

compute_force; //calculate force
compute_neck; //calculate neck sizes (min and max)

compute_angle; //calculate top contact angle

if min radius < min radius_tol then {force2 := 0;}; //

set force as zero after rupture

h_base := h_init+(aspect_ratio*2«pin_radius);//height
from substrate to pillar base

strain := —total_deform /(aspect_ratio*2xpin_radius);

dataline:= sprintf "%g\t%—#2.3g\t%g\t%—#2.3g\ t%g\ t
%—#2.6g\ t %—#2.6g\ t "

"%—#2.6g\ t %—#20.15g \ t %—#20.15g\ ¢
%—4£20.15g\ t %—#20.15g\ t %—#20.15g\ t "

"0%—#20.15g\ t %—#20.15g \ t %—#20.15g \ t
Yo—#20.15g\ t %—#20.15g\ t "

"0%—#20.15g\ t %—#20.15g\ t %—#20.15g \ t
%—#20.15g \ t%g \ t %—#20.15g\ t%d\n" ,
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bottom__angle , pin_ radius ,y_ modulus,
aspect_ratio ,ambient_ pressure_value
,h_init ,h_ base,

height ,strain , forcel ,force2
total _energy ,total_area ,scale_val,
body [1]. volume,

body [1]. pressure ,lower_length.value,
upper__length.value ,lower__area.value

upper__area.value ,mean_c. value
min_radius ,max_radius, pin__angle ,knx
+1;

//CHECK forcel or force2 for deformation calculation
height deform := (2xpixforce2#*(2xpin_radiusx*
aspect_ratio) /(y_modulusxpixpin_radius™2))—
total deform;

total deform := total deform + height deform;

if knx = 0 then

{deform_prev := h_init;

deform_new := h_init;

//don’t let heights go beyond 0.3 ,1.8. CHECK!
deform_newer := maximum (minimum(h_init+4(

total deform/aspect_ratio) ,1.8) ,0.3);//divided
by aspect ratio for faster convergence
force_prev := force2;
force_new := force2;

//height limits within which solution must lie in

h_boundl := minimum (deform_new ,deform_newer);
h_bound2 := maximum (deform_ new ,deform_newer);
}
else
{deform__prev := deform_ new;
deform_new := deform_newer;
force_prev := force_new;
force__new := force2;
k ratio := (force new—force prev)/(deform new—

deform_ prev);

k_elastic := (y_modulusxpixpin_radius™2)/(2x
pin_radiusxaspect_ratio);

//secant method
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deform_newer := ((deform_prevxk ratio)—(k_elasticx

h_init)—force_ prev)/(k_ratio—k elastic);

}s
h_diff := deform_ newer — deform_ new;
knx++;

/* save dump file =/
if abs(h_diff) < 0.0001 then

{dump sprintf "%s%s_ dump%03u—h%?2.6g.dmp" , outdir ,

params ,inx , height ;};
H
}s

quiet off;
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A.2. Evolver script: pyramid

Script file can be found in https://github.com/PranavSudersan/afm_pyramid/
blob/main/pyramid.fe

//pyramid. fe

// A triangular pyramid shaped tip in contact with a liquid drop

//Center of bottom suubstrate is the origin of the coordinate system,
vertically below the tip

//Pyramid tip is at ’height’ distance above surface

//Contact angle of liquid with pyramid and bottom substrate are given
by angle_p and angle_s respectively

//COMMENT "height" ,"CA_p" an "Rs' PARAMETERS WHEN RUNNING fd_ series
SCRIPT! UNCOMMENT THEM WHEN RUNNING THIS FILE!

//ALWAYS RERUN THIS FILE, THEN COMMENTS ABOVE PARAMETERS BEFORE
RUNNING EXTERNAL SCRIPTS

parameter height = 0 // distance of pyramid tip from surface

parameter CA p = 10 % pi/180 //liquid contact angle with pyramid tip

parameter Rs = 2.0 //pinned radius at substrate (REMOVE CONTACT ANGLE
ENERGY CONSTRAINT 1)

parameter a_dev = 10 //deviation in pyramid geometry angle

parameter w_top = 3 //height of dummy pyramid (only for reference)

//define initial value expression by trial and error for different
CA_p value and fitting them

parameter w_init = (2/Rs)—height //(((3.492e—5)*((CA_px180/pi)~2))
—(0.00814%(CA_p*180/pi))+0.914) — height //initial wetted height
of the pyramid

parameter SA = (0 + a_dev) x pi/180 //Side angle of pyramid 17.5
parameter FA = (0 + a_dev) * pi/180 //Front angle of pyramid 15
(0 + a_dev) % pi/180 //Back angle of pyramid 25

parameter tilt = 0 % pi/180 //tilt pyramid around x—axis

parameter BA =

parameter TENS = 1 //suface tension of liquid
parameter CA s = 30 % pi/180 //liquid contact angle with surface (
REMOVE PINNED CONTACT ONSTRAINT 14)

gravity__constant 0 // start with gravity off
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//scale_limit 0.1

keep__macros

//rotate display
parameter alpha = 20xpi/180 //rotate view around z—axis
parameter beta = 15xpi/180 //rotate view around y—axis

parameter gamma = Oxpi/180 //rotate view around x—axis

//rotation matrix (https://en.wikipedia.org/wiki/Rotation matrix)

view  matrix

cos (alpha)xcos(beta) cos(alpha)*sin(beta)*sin (gamma)—sin (alpha)xcos(
gamma) cos (alpha)*sin (beta)*cos(gamma)+sin (alpha)*sin (gamma) 0

sin (alpha)xcos(beta) sin(alpha)xsin(beta)=*sin (gamma)+cos (alpha)=*cos(
gamma) sin (alpha)xsin(beta)x*cos(gamma)—cos(alpha)*sin (gamma) 0

—sin (beta) cos(beta)*sin (gamma) cos(beta)*cos(gamma) —1

000 1.7

//surface energy of substrate and pyramid
#define TENS_ s (—TENSx*(cos(CA_s)))
#define TENS p (—TENSx*(cos(CA p)))

/% COMPUTE QUANTITIES */

quantity upper_length info only method edge scalar_ integral // top
contact length

scalar__integrand: 1

quantity upper_length6 info_only method edge_scalar_integral // top
contact length

scalar__integrand: 1

quantity upper_length7 info_only method edge_scalar_integral // top
contact length
scalar_integrand: 1

quantity upper_length8 info_ only method edge_ scalar_integral // top
contact length

scalar__integrand: 1
quantity upper_length9 info_ only method edge_ scalar_integral // top

contact length

scalar_integrand: 1
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quantity lower_ length info_ only method edge scalar_integral // bottom
contaact length

scalar__integrand: 1

quantity upper_area info_only method edge_vector_integral // top
contact area WRONG!

vector__integrand :

ql: 0
q2: x
qd3: 0

quantity lower_ area info_only method edge_ vector_ integral // bottom
contact area

vector__integrand :

ql: 0O
q2: x
q3: 0

quantity mean c¢ info_ only method mean curvature integral // mean

curvature

///* BOUNDARIES =/

//

boundary 1 parameters 1 convex// bottom pinned contact
xl: Rs % cos(pl)

x2: Rs x sin(pl)

x3: 0

/* CONSTRAINTS =/

constraint 1 // substrate face
formula: z =0
//energy: //uncomment to consider oontact angle CHECK! keep if pinning

//el: 0
//e2: TENS s * x

//e3: 0
constraint 14 convex// pinning at substrate CHECK! remove if no

pinning
formula: x72 + y"2 = Rs™2
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// fix edge center vertex at pyramid for correct calculation of line
integrals
constraint 26

formula: x =0

constraint 36

formula: y = 0

//pyramid tip plane constraints

constraint 2 // face 6

formula: y*(cos(tilt)—sin(tilt)*tan(FA)) + (z—height)*(sin(tilt)4cos(
tilt )xtan(FA)) = 0

energy :

//el: TENS px(1/(1xcos(FA)))=*(z—height+(x/tan(SA)))

el: TENS_p#(1/(1xcos(FA+tilt)))*(z—height+((x/tan(SA))=*(cos(tilt )—tan(
FA)xsin (tilt))))

e2: 0
ed: 0
content :

cl: —(0.5%(tan (FA+tilt)))*((z72)—(height+((x/tan(SA))x(cos(tilt )—tan(
FA)xsin (tilt)))"2))

c2: 0

c3: 0

constraint 25 // face 6

formula: yx(cos(tilt)—sin(tilt)xtan(FA)) 4+ (z—height)x(sin(tilt )+cos(
tilt )xtan(FA)) = 0

energy :

el: TENS px*(1/(1xcos(FA+tilt)))*(z—height —((x/tan(SA))=*(cos(tilt )—tan(
FA)xsin (tilt))))

e2: 0
ed: 0
content :

cl: —(0.5«(tan (FA+tilt)))«((z"2)—(height+((x/tan(SA))=*(cos(tilt)—tan(
FA)xsin (tilt)))"2))

c2: 0

c3: 0

constraint 3 // face 7

formula: —x — (y*sin(tilt)=*tan(SA)) + (z—height)=*(cos(tilt)*tan(SA)) =
0
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energy :

el: 0

e2: TENS px(1/cos(SA))=*(z—height+((y/(tan(FA)*xcos(tilt )+sin(tilt)))x(
cos(tilt )—tan(FA)xsin(tilt))))

ed: 0
content :
cl: O

c2: —(0.5%(tan(SA)))*((z72)—(height+((y/(tan(FA)*cos (tilt )+sin(tilt)))
*(cos(tilt )—tan(FA)xsin(tilt)))"2))
c3: 0

constraint 35 // face 7
formula: —x — (y*sin(tilt)*tan(SA)) + (z—height)=*(cos(tilt)*tan(SA)) =

0
energy :
el: O

e2: TENS_px(1/cos(SA))«(z—height —((y/(tan(BA)xcos(tilt )—sin(tilt)))x(
cos(tilt)+tan(BA)xsin(tilt))))

ed: 0
content :
cl: O

c2: —(0.5%(tan(SA)))*((z72)—(height+((y/(tan(BA)*cos(tilt )—sin(tilt)))
x(cos(tilt )+tan (BA)*xsin(tilt)))"2))
c3: 0

constraint 4 // face 8

formula: —y*(cos(tilt)+sin(tilt)*tan(BA)) 4+ (z—height)*(—sin(tilt )+cos
(tilt )xtan(BA)) = 0

energy :

el: —TENS px*(1/(1xcos(BA-tilt)))*(z—height —((x/tan(SA))=*(cos(tilt)+tan
(BA)*sin (tilt))))

e2: 0
ed: 0
content :

cl: (0.5x(tan(BA—tilt)))*((z"2)—(height+((x/tan(SA))=*(cos(tilt)+tan(BA
Ysin (tilt)))"2))

c2: 0

c3: 0

constraint 45 // face 8

formula: —y«*(cos(tilt)+sin(tilt)xtan(BA)) 4+ (z—height)*(—sin(tilt )+cos
(tilt )xtan(BA)) = 0
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energy :
el: —TENS px*(1/(1xcos(BA-tilt)))*(z—height+((x/tan(SA))=*(cos(tilt)+tan
(BA)*sin (tilt))))

e2: 0
ed: 0
content :

cl: (0.5%(tan(BA—tilt)))*((z2"2)—(height+((x/tan(SA))x(cos(tilt)+tan(BA
Jxsin (tilt)))72))

c2: 0

c3: 0

constraint 5 // face 9

formula: x — (y*sin(tilt)*tan(SA)) + (z—height)=*(cos(tilt)*tan(SA)) =
0

energy :

el: O

e2: —TENS_px(1/cos(SA))«(z—height —((y/(tan(BA)xcos(tilt )—sin(tilt)))*(
cos(tilt )+tan (BA)xsin(tilt))))

ed: 0
content :
cl: O

c2: (0.5x(tan(SA)))*((z72)—(height+((y/(tan(BA)*cos(tilt)—sin(tilt)))
x(cos(tilt )+tan (BA)*xsin(tilt)))"2))
c3: 0

constraint 55 // face 9

formula: x + ((y*sin(—tilt)+z*xcos(—tilt))—height)*tan(SA) = 0

energy :

el: 0

e2: —TENS p*(1/cos(SA))*(z—height+((y/(tan(FA)*cos(tilt )+sin(tilt)))*(
cos(tilt)—tan(FA)xsin(tilt))))

ed: 0
content :
cl: O

c2: (0.5%(tan(SA)))*((z72)—(height+((y/(tan(FA)*cos(tilt )+sin(tilt)))
*(cos(tilt )—tan(FA)xsin(tilt)))"2))
c3: 0

//keep liquid outside pyramid

constraint 6 nonpositive // face 1

formula: yx(cos(tilt)—sin(tilt)xtan(FA)) + (z—height)x(sin(tilt )+cos(
tilt )xtan (FA))
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constraint 7 nonpositive // face 2
formula: —x — (y*sin(tilt)=tan(SA)) + (z—height)=*(cos(tilt )=*tan(SA))

constraint 8 mnonpositive // face 3
formula: —yx(cos(tilt)+sin(tilt )*tan(BA)) 4+ (z—height)*(—sin(tilt )+cos
(tilt )xtan (BA))

constraint 9 nonpositive // face 4
formula: x + ((y#sin(—tilt )+zxcos(—tilt))—height)*tan (SA)

//keep centers on pyramid

constraint 27 // face 6

formula: yx(cos(tilt)—sin(tilt)xtan(FA)) + (z—height)x(sin(tilt )+cos(
tilt )xtan(FA)) = 0

constraint 37 // face 7
formula: —x — (y*sin(tilt )*tan(SA)) + (z—height)=*(cos(tilt)*tan(SA)) =
0

constraint 47 // face 8
formula: —yx(cos(tilt)+sin(tilt)*tan(BA)) 4+ (z—height)*(—sin(tilt )+cos
(tilt )xtan(BA)) = 0

constraint 57 // face 9
formula: x 4+ ((y*sin(—tilt )+z*cos(—tilt))—height)*tan(SA) = 0

//pyramid tip constraints
constraint 10

formula: x = 0

constraint 11

formula: y = 0

constraint 12

formula: z = height
//keep liquid above substrate

constraint 13 nonnegative

formula: =z
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//keep liquid between faces

constraint 15 nonnegative // face 6

formula: yx(cos(tilt)—sin(tilt)xtan(FA)) 4+ (z—height)x(sin(tilt )+cos(
tilt )xtan (FA))

constraint 16 nonnegative // face 7
formula: —x — (y*sin(tilt)«tan(SA)) + (z—height)x(cos(tilt)*tan(SA))

constraint 17 nonnegative // face 8
formula: —yx(cos(tilt)+sin(tilt)xtan(BA)) 4+ (z—height)*(—sin(tilt )+cos
(tilt )xtan (BA))

constraint 18 nonnegative // face 9
formula: x 4+ ((y*sin(—tilt)+z*xcos(—tilt))—height)xtan (SA)

// for restoring after perturbation

define vertex attribute old_coord real [3]
/* INITIAL SHAPE SPECIFICATION x/

vertices

//liquid bottom substrate (CHECK! include pinning/contact angle
constraints 14)

//1 —Rs —Rs 0 constraint 1 //substrate contact angle

//2 Rs —Rs 0 constraint 1

//3 Rs Rs 0 constraint 1

//4 —Rs Rs 0 constraint 1

1 5%pi/4 boundary 1 //pinnned contact (bottom)

2 —pi/4 boundary 1

3 pi/4 boundary 1

4 3+pi/4 boundary 1

//pyramid contact line

5 —w_initxtan (SA) (—w_init+xtan (FA))xcos(tilt )—(w_init)*sin(tilt) (—
w_initxtan (FA))*sin (tilt )+(w_init)*cos(tilt )+height constraint
57,27

55 0 (—w_initxtan (FA))*cos(tilt )—(w_init)*sin(tilt) (—w_initxtan(FA))
xsin (tilt )4+ (w_init)xcos(tilt )+height constraint 27,26

6 w_initxtan(SA) (—w_initxtan (FA))*cos(tilt)—(w_init)xsin(tilt) (—
w_initxtan (FA))*sin (tilt )+(w_init)*cos(tilt )+height constraint
27 .37

65 w_initxtan (SA) (0.5%w_init*(tan (BA)—tan(FA)))*cos(tilt)—(w_init)x
sin(tilt) (w_initxtan (BA))*sin(tilt )+(w__init)*cos(tilt )+height
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constraint 37,36
7 w_initxtan (SA) (w_init+xtan(BA))xcos(tilt)—(w_init)*sin(tilt) (
w__initxtan (BA) )*sin (tilt )+(w_init)*cos(tilt )+height constraint
37,47
75 0 (w_init*xtan(BA))xcos(tilt )—(w_init)*sin(tilt) (w_initxtan(BA))=x
sin(tilt )+(w_init)*cos(tilt )+height constraint 47,26
8 —w_initxtan(SA) (w_init*xtan (BA))*cos(tilt)—(w_init)*sin(tilt) (
w__initxtan (BA))*sin (tilt )+(w_init)*cos(tilt )+height constraint
47,57
85 —w_initxtan(SA) (0.5%w_init*(tan (BA)—tan (FA)))*cos(tilt)—(w_init)=x
sin(tilt) (w_initxtan(BA))*sin(tilt)+(w_init)*cos(tilt )+height
constraint 57,36
10 —w_topstan (SA) (—w_topxtan (FA))xcos(tilt)—(w_top)*sin(tilt) (—w_top
xtan (FA) )xsin (tilt )+(w_top)*cos(tilt )+height fixed
11 w_topxtan(SA) (—w_topxtan (FA))*cos(tilt)—(w_top)*sin(tilt) (—w_topx
tan (FA) )*sin (tilt )+(w_top)*cos(tilt )+height fixed
12 w_topxtan (SA) (w_topxtan(BA))*cos(tilt)—(w_top)*sin(tilt) (w_topx
tan (BA) )*sin (tilt )+(w_top)*cos(tilt )+height fixed
13 —w_top*tan(SA) (w_topxtan(BA))*xcos(tilt)—(w_top)*sin(tilt) (w_topx
tan (BA) )xsin (tilt )4+(w_top)*cos(tilt )+height fixed
14 0 0 height fixed

edges

//liquid

1 1 2 constraint 1,14 lower_length lower_area mean c //bottom
substrate (CHECK! include pinning/contact angle constraints 14)

2 2 3 constraint 1,14 lower_length lower_area mean_c

3 3 4 constraint 1,14 lower_length lower_area mean_c

4 4 1 constraint 1,14 lower_length lower_area mean_c

5 5 55 constraint 2,16,18 upper_length6 upper_length upper_area mean_ c
//pyramid top contact line

55 55 6 constraint 25,16,18 upper_length6 upper_length upper_area
mean_ ¢

6 6 65 constraint 3,15,17 upper_length7 upper_length upper_area mean_c

65 65 7 constraint 35,15,17 upper_length7 upper_length upper_area
mean_ ¢

7 7 75 constraint 4,16,18 upper_length8 upper_length upper_area mean_c

75 75 8 constraint 45,16,18 upper_length8 upper_length upper_area
mean_ ¢

8 8 85 constraint 5,15,17 upper_length9 upper_length upper_area mean_c

85 85 5 constraint 55,15,17 upper_length9 upper_length upper_area

mean_ ¢
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9 1 5 constraint 13,9,6 mean_c//liquid—air interface
10 2 6 constraint 13,6,7 mean_ c

11 3 7 constraint 13,7,8 mean_c

12 4 8 constraint 13,8,9 mean_c

//pyramid

17 10 11 fixed no_ refine

18 11 12 fixed no_refine

19 12 13 fixed no_refine

20 13 10 fixed no_refine

21 14 10 fixed no_refine //edge of pyramid tip
22 14 11 fixed no_refine

23 14 12 fixed no_refine

24 14 13 fixed no_refine

faces

//liquid

1 1 10 =55 —5 —9 constraint 6 tension TENS color yellow //air—liquid
interface

2 2 11 —65 —6 —10 constraint 7 tension TENS color yellow

3 3 12 =75 —7 —11 constraint 8 tension TENS color yellow

4 49 —85 —8 —12 constraint 9 tension TENS color yellow

//pyramid

10 21 17 —22 fixed no_refine tension

11 22 18 —23 fixed no_ refine tension

12 23 19 —24 fixed no_refine tension

13 24 20 —21 fixed no_ refine tension 0 color red

//14 17 18 19 20 fixed no_refine tension 0 color red

color red

color red

o O O

color red

bodies
1 1 2 3 4 volume 4xpi/3 density 1

// SCRIPT //

read

//clear edge lines of fluid
clear_lines := {
set edge color clear where on_ constraint 6 or
on_ constraint 7 or

on_ constraint 8 or on_ constraint 9;
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//compute contact angle of liquid at pinned contact line

compute_angle bottom := {
angle_sum := 0;
ind := 0;

foreach vertex vv where on_ constraint 1 do

{

if vv.vertex_mnormal[l]*xvv.x > 0 or vv.vertex_normal[2]*vv.

y > 0 then
{angle sum := angle sum-+acos(vv.vertex_ normal[3]);}
else
{angle_sum := angle_sum—acos(vv.vertex_normal[3]) ;};
ind4++;
}s
pin_angle := (angle_sum/ind);//take average

//print pin_anglex180/pi;

}

//TODO: check angles
//compute contact angle of liquid top contact line with z axis

function real get_ angle(real ¢ num) //c _num: constraint number of edge

148

{
angle_sum := 0;
ind := 0;
foreach edge ee where on_quantity upper_length and on_ constraint
¢ _num do
{
angle_temp := acos(ee.vertices[1].vertex_normal[3]);
if ee.vertices[1l].vertex_normal[l]*xee.vertices|[1l].x > 0 or

ee.vertices [1].vertex normal [2]*xee.vertices [1].y > 0

then
{angle_sum := angle_sum + angle_temp;}
else
{angle_sum := angle_sum — angle_temp;};
ind++;

};
anglel := (angle _sum/ind)«*180/pi;//take average
//print anglel*180/pi;

return anglel;
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compute_angle_top := {

angle6 := 90 4+ (FAx180/pi) — ((get_angle(2)+get_angle(25))x0.5) +
(tilt «180/pi); //face 6

angle7 := 90 4+ (SA%180/pi) — ((get_angle(3)+get_angle(35))=*0.5);
//face 7

angle8 := 90 + (BAx180/pi) — ((get_angle(4)+get_angle(45))x0.5)— (
tilt «180/pi); //face 8

angle9 := 90 + (SA*180/pi) — ((get_angle(5)+get_angle(55))=0.5);
//face 9

printf "%g\t%g\t%g\t%g\t", angle6 ,angle7 ,angle8  angle9;

}

compute_wetted height := {
hl := max(vertices where on_ constraint 2 or on_ constraint 25,z);
h2 := max(vertices where on_constraint 3 or on_ constraint 35,z);
h3 := max(vertices where on_constraint 4 or on_constraint 45,z);
h4 := max(vertices where on_ constraint 5 or on_ constraint 55,z);
wetted__height := (hl+h2+h3+h4)/4; //average wetted height

}
//change height

new__height := height //set new_height and run change_height
change_height := { old_height := height; dz := new_height — old_height
; height := new_ height;
set vertex z z+dz where z > 0 and (not on_ constraint 6 and not
on_constraint 7 and not on_constraint 8 and not on_ constraint
9);
set vertex z zx(new_height+w_init)/(old height+w_init) where
on_constraint 6 or on_constraint 7 or on_constraint 8 or
on__constraint 9;

recalc;

//change Rs (bottom pin radius)

new_Rs := Rs //set new_Rs and run change Rs
change Rs := { dRs := (new_Rs — Rs)/(2xsqrt(2)); Rs := new_Rs;

set vertex

y—dRs where on_ constraint

y+dRs where on_ constraint

y

set vertex x x+dRs where on constraint
set vertex y
X

6;
7;
8;
9;

set vertex x—dRs where on_constraint

recalc;
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//special refine routines

re := { refine edges where on_constraint 1;}

re_top := { refine edges where on_constraint 2; refine edges where
on_ constraint 25;
refine edges where on_ constraint 3; refine edges where
on_ constraint 35;
refine edges where on_ constraint 4; refine edges where
on__constraint 45;
refine edges where on_ constraint 5; refine edges where

on__constraint 55;}

//refine top facets
re_top2 := {foreach edge ee where on_quantity upper_length do

{refine ee.facets;};

}

//refine bottom facets
re_bottom := {foreach edge ee where on_quantity lower_ length do

{refine ee.facets;};

}

//refine top face edges

re_top3 = {
foreach vertices vv where on constraint 27 and on_ constraint 57
do {
//printf "%g %g %g\\n',x,y,z;
refine vv.edges where length = max(vv.edges,length);

b

foreach vertices vv where on constraint 27 and on constraint 37

do {
//pI‘lIltf “%g %g %g\\n" XY, 25
refine vv.edges where length = max(vv.edges,length);

b

foreach vertices vv where on_constraint 37 and on_ constraint 47

do {
//printf "%g %g %g\\n",x,y,z;
refine vv.edges where length =— max(vv.edges,length);

s
foreach vertices vv where on_constraint 47 and on_ constraint 57
do {
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//printf "%g %g %g\\n",x,y,z;
refine vv.edges where length =— max(vv.edges,length);

b

//refine top large faces
re_topd := {
foreach vertices vv where on_constraint 27 or on_constraint 57 or
on_ constraint 37 or on_ constraint 47 do {
//printf "%g %g %g\\n',x,y,z; //list vv.facets;
foreach vv.facets ff do {
vv_count := count(ff.edges where not on_ quantity
upper_length , id);
if vv_count = 3 then {refine ff;};
H
}s

//refine edge where length > .0048 and not no_refine;
//Evolve scripts

gogol := {re;
gh; r; gl0; r; g20; r; g40; r; u; gl00;
scale_val := scale;
compute_angle_top; compute_angle bottom;

compute_wetted height ;

}

//better evolve routine
gogo2 := {re; gb;
{r; u; V; g 105} 3;
g100;U;g100;U;
scale_val := scale;
compute_angle_ top; compute_angle bottom;
compute_wetted_ height;

}

//use for small Rs

gogold := {re;re_top3; re_bottom;re;re_top2;g30;
{ry u; Vg 105} 35 {r; ViU;gb0;Us} 1;//re top3d; u; Vi
//1000;
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V;U; g100;U;
scale_val := scale;
compute_angle_top; compute_angle bottom;

compute_ wetted__height;

}

//use for large Rs
gogob := {re_bottom;re;re_top3; re_topd;re_top3; re_topd;re_top2;
re__bottom;re;gl00;re_top;
{r; u; V; g 100;} 3;//re_bottom;re;{r; u; V; g 100;} 2;//re_top;{r
;u;Vigl00s} 15/ /re top3; u; Vi
//1000;
U;g300;U;
scale_val := scale;
compute_angle_ top; compute_angle bottom;
compute_ wetted__height;

}

//use for small Rs
gogo6 := {g; re_bottom;re;re_ top3; re_ topd;re_top3; re_topd;re_top2;
re_bottom;re;gl00;re_top;
{r; u; V; g 100;} 3;//re_bottom;re;{r; u; V; g 100;} 2;//re_top;{r
;u;Vigl00;} 15/ /re_top3; u; V;
//81000;
U;g300;U;
scale_val := scale;
compute_angle_top; compute_angle bottom;
compute_wetted height;

}

gogod := {re; gb;
{r; u; Vi g 205} 3
u; V; U; gl0; U; u; V; gl00; U;g200;U;
scale_val := scale;
compute_angle top; compute_angle bottom;
compute_wetted_height;

}

// For saving coordinates before perturbation

save_coords := { foreach vertex vv do
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{ set vv.old coord[1] x
set vv.old coord[2] y;
z

3

set vv.old_coord[3]

bl

// For restoring coordinates after perturbation
restore_coords := { foreach vertex vv do

{ set vv.x old_coord[1];

set vv.y old_coord[2];

set vv.z old_coord[3];

}

// Force by central difference of energy minima
compute_force := {
/xforce calculated by pressure and angle at bottom
surfacex/
force2 := (((body[1l].pressure—ambient_pressure_value)x
lower_area.value)—
(lower_length.valuexsin (pin_angle)))/2/pi;
forcel := (((body[1l].pressure—ambient_pressure_value)x

upper_area.value)—

(upper_length6.valuexcos(abs((angle6xpi/180)—FA)))—
(upper_length7.valuexcos (abs((angle7xpi/180)—SA)))—
(upper_length8.valuexcos(abs((angle8+pi/180)—BA)))—
(upper_length9.valuexcos(abs((angle9xpi/180)—SA))))/2/

pi; //top

//force—distance data
get_fd := {
//height_start := 0.001; height_end := 0.4; dh := 0.02; //SET
HEIGHT SEQUENCE CHECK!
outdir := sprintf "E:/Work/Surface Evolver/afm_pyramid/data
/20220823 _tipangle_sym_ height0_ca30/";//TA_%0.0f /" ,a_dev; //
CHECK OUTPUT DIRECTORY
data_name := sprintf "data—CA p%2.6g—TA %0.0f" ,CA px180/pi,a_dev;
//SET FILE NAME
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quiet on;
printf "Contact_Radius:\tBottom_Angle:\tForce Eng:\
tForce_Calc:\ tScale\n";

// num := l+abs((height_end—height_start)/dh);
// if height end > height_start then {h_step := dh;} else {
h_step := —dh;};

// save data
outname := sprintf "%s%s.txt",outdir ,data_name;

if Rs = 1.0 then {printf "Contact_Radius\tHeight\tForce Eng)\
tForce_Calc\t"
"Bottom__ Angle\tTop_ Angle\tSide_ Angle\tFront_ Angle)\

tBack__Angle\tCone_Angle\tTilt__Angle\t"

"Energy\tArea\tScale\tVolume\tPressure\tBottom_Length\t"

"Top_Length\tBottom_Area\tTop_Area\tMean curvature\t"

"Bottom__Angle Calc\tTop_ Angle6\tTop_Angle7\tTop_Angle8\tTop_Angle9

\tAverage Wetted Height\tInitial guess_ height\n">> outname;}

else {printf "";};

dataline := ;

gogob; //evolve routine

compute_force; //calculate force
printf "%g\ t%#2.3g\ t %—#2.3g\ t %—#2.3g\ t %—#20.15g\n"
height ,pin_anglex180/pi, forcel ,force2 ,

scale_ val;

dataline:= sprintf "%—#2.3g\t%—#2.6g\t%—#20.15g\t
%—#20.15g\ t "

"o\ t%g \ t%0g \ t%0g \ tY0g \ tY0g \ tTog \ t "

"% —420.15g\ t %—#20.15g\ t "

"% —#20.15g\ t %—#20.15g\ t %—#20.15g\ t
%—#20.15g\ t %—#20.15g\ t *

"% —420.15g\ t %—#20.15g\ t %—#20.15g\ t
%—#20.15g\ t "

"% 420.15\ t %—#20.15g\ t %—#20.15g\ t
%—4£20.15g\ t %—#20.15g\ t %—#2.6g\n "
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Rs, height , forcel ,force2 ,

CA sx180/pi,CA px180/pi,SAx180/pi ,FA
x180/pi ,BAx180/pi,a_dev, tilt «x180/pi

total _energy ,total_area ,scale_val,
body [1]. volume,

body [1]. pressure ,lower_length.value,

upper__length.value ,lower__area.value,
upper_area.value ,mean_c.value

pin_anglex180/pi,angle6 ,angle7 ;angle8 ,
angle9 ,wetted_height ,w_ init;

/* save data x/

printf "%s",dataline >> outname;

/* save dump file =/

dump sprintf "%s%s_ dump—Rs%0.3f.dmp" ,outdir ,data_name,

Rs;
// b
quiet off;
}
get_fd2 := {
height_start := height; height_end := 0.2; dh := 0.005;
outdir := sprintf "E:/Work/Surface Evolver/afm_pyramid/data

/20220323 _oltespa_ fd/Rs_%0.1f /" ,Rs; //CHECK OUTPUT DIRECTORY

data_name := sprintf "data—CA p%2.6g—Rs %0.1f" ,CA px180/pi,Rs; //
SET FILE NAME

quiet on;

num := l+abs((height_end—height_start)/dh);

if height_end > height_start then {h_step := dh;} else {h_step :=
—dh; };

inx = 0;

g0goos ;

while inx < num do

{

compute_ force;
// save data

outname := sprintf "%s%s.txt",outdir ,data_name;
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if height = 0 then {printf "Contact_Radius\tHeight\tForce Eng
\tForce_Calc\t"
"Bottom__ Angle\tTop_ Angle\tSide_ Angle\tFront_ Angle)\
tBack__Angle\tTilt__Angle\t"

"Energy\tArea\tScale\tVolume\tPressure\tBottom_Length\t"

"Top_Length\tBottom_Area\tTop_Area\tMean curvature\t"

"Bottom__ Angle Calc\tTop_ Angle6\tTop_Angle7\tTop_Angle8\tTop_Angle9

\tAverage Wetted Height\tInitial guess_ height\n">> outname;}

else {printf "";};

printf "%g\t%#2.3g\ t %o—#2.3g\ t %—#2.3g\ t %—#20.15g\n" ,
height ,pin_anglex180/pi, forcel ,force2 ,

scale_val;

dataline:= sprintf "%—#2.3g\t%—#2.6g\ t%—4#20.15g\ t
%—#20.15g\ t "

"Tog\ t7g\ t%g \ t%g \ t%g \ tg \ t "

"%—#20.15g\ t %—#20.15g\ t "

"%—#20.15g\ t %—#20.15g\ t %—#20.15g\ t
%—420.15g\ t %—#20.15g\ t "

"%—#20.15g\ t %o—#20.15g\ t %—#20.15g\ t
Yo—#20.15g\t "

"%—#20.15g\ t %—#20.15g\ t %—#20.15g\ t
%—420.15g\ t %—#20.15g\ t %—#2.6g\n " ,

Rs, height , forcel ,force2 ,

CA_sx180/pi ,CA_px180/pi,SA*180/pi ,FA
*x180/pi ,BA*180/pi, tilt %x180/pi,

total_energy ,total area ,scale_val,
body [1]. volume,

body [1]. pressure ,lower_length.value,

upper__length.value ,lower__area.value,
upper__area.value ,mean_c. value ,

pin_anglex180/pi,angle6 ,angle7 ,angle8 ,
angle9 , wetted_height ,w_ init;

/* save data x/

printf "%s",dataline >> outname;

/* save dump file =/
dump sprintf "%s%s dump—h%0.3f.dmp",outdir ,data_name,
height ;
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b

quiet off;

set vertex z z+h_step where not on_ constraint 14;

height := height + h_step;

U;g100;U;

compute_angle_top; compute_angle bottom;
compute_wetted__height;

inx4+4;
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A.3. Evolver script: cone

Script file can be found in https://github.com/PranavSudersan/afm_pyramid/

blob/main/cone.fe

//pyramid. fe

// A triangular pyramid shaped tip in contact with a liquid drop

//Center of bottom suubstrate is the origin of the coordinate system,
vertically below the tip

//Pyramid tip is at ’height’ distance above surface

//Contact angle of liquid with pyramid and bottom substrate are given
by angle_p and angle_s respectively

//COMMENT "height" ,"CA_p" an "Rs' PARAMETERS WHEN RUNNING fd_ series
SCRIPT! UNCOMMENT THEM WHEN RUNNING THIS FILE!

//ALWAYS RERUN THIS FILE, THEN COMMENTS ABOVE PARAMETERS BEFORE
RUNNING EXTERNAL SCRIPTS

parameter height = 0 // distance of pyramid tip from surface

parameter CA p = 10 % pi/180 //liquid contact angle with pyramid tip

parameter Rs = 2 //pinned radius at substrate (REMOVE CONTACT ANGLE
ENERGY CONSTRAINT 1)

parameter tip_angle = 15

parameter cone_angle = tip_anglexpi/180 //deviation in pyramid
geometry angle

parameter tilt = 0 x pi/180 //tilt pyramid around x—axis

parameter w_top = 3 //height of dummy pyramid (only for reference)

//define initial value expression by trial and error for different
CA_p value and fitting them

parameter w_init = (2/Rs)—height //(((3.492e—5)*((CA_px180/pi)~2))
—(0.00814%(CA_px180/pi))+0.914) — height //initial wetted height
of the pyramid

parameter TENS = 1 //suface tension of liquid

parameter CA_s = 30 % pi/180 //liquid contact angle with surface (
REMOVE PINNED CONTACT ONSTRAINT 14)

gravity_ comnstant 0 // start with gravity off
//scale_limit 0.1

keep__ macros

//rotate display
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A.3 Evolver script: cone

parameter alpha = 20xpi/180 //rotate view around z—axis
parameter beta = 15xpi/180 //rotate view around y—axis

parameter gamma = O0xpi/180 //rotate view around x—axis

//rotation matrix (https://en.wikipedia.org/wiki/Rotation matrix)

view_ matrix

cos(alpha)*cos(beta) cos(alpha)*sin(beta)=*sin (gamma)—sin (alpha)x*cos(
gamma) cos (alpha)xsin (beta)x*cos(gamma)+sin (alpha)*sin (gamma) 0

sin (alpha)xcos(beta) sin(alpha)s*sin(beta)=*sin (gamma)+cos (alpha)*cos(
gamma) sin (alpha)*sin (beta)=*cos (gamma)—cos(alpha)*sin (gamma) 0

—sin (beta) cos(beta)xsin(gamma) cos(beta)*cos(gamma) —1

00017

//surface energy of substrate and pyramid
#define TENS s (—TENSx*(cos(CA_s)))
#define TENS p (—TENSx(cos(CA p)))
#define Rc w_init+tan(cone_angle)
)

#define Rct w_topstan(cone_angle
/* COMPUTE QUANTITIES »*/

quantity upper_length info_only method edge_scalar_integral // top
contact length

scalar_integrand: 1

quantity lower_length info_ only method edge_scalar_integral // bottom
contaact length

scalar__integrand: 1

quantity upper_area info_only method edge vector_ integral // top
contact area WRONG!

vector__integrand :

ql: O
q2: x
q3: 0

quantity lower_area info_only method edge_vector_integral // bottom
contact area

vector__integrand:

ql: 0O
q2: x
q3: 0
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quantity mean c¢ info_ only method mean_ curvature integral // mean

curvature

/* CONSTRAINTS x/

constraint 1 // substrate face

formula: z = 0

//energy: //uncomment to consider oontact angle CHECK! keep if pinning
//el: 0

//e2: TENS_ s x x

//e3: 0

constraint 2// pinning at substrate CHECK! remove if no pinning
formula: x72 + y"2 = Rs™2

//cone tip plane constraints

constraint 3// face 6

formula: x72 + y"2 = (zxtan(cone_angle)) 2
energy :

el: —TENS p+y/2/sin (cone angle)

e2: TENS_p*x/2/sin (cone_angle)

e3: 0//TENS pxz/2/cos(cone_angle)

content :

cl: y*((x24+y~2)7(0.5))/3/tan(cone_angle)
c2: —xx*((x"2+y"2)7(0.5))/3/tan (cone_angle)
c3: 0//(z"2)+tan(cone_angle)/3

constraint 4 // tip contact line

formula: x72 + y"2 = (zxtan(cone_angle)) 2

// for restoring after perturbation

define vertex attribute old_coord real [3]

/* INITIAL SHAPE SPECIFICATION x/
Vertices
//vertices of the low pad

1 Rs*xcos(0xpi/3) Rsxsin(0xpi/3) 0 constraints 1,2 fixed
2 Rsxcos(lxpi/3) Rsxsin(lxpi/3) 0 constraints 1,2 fixed
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3 Rskcos(2xpi/3) Rs*sin(2+«pi/3) 0 constraints 1,2 fixed

4 Rsxcos(3*pi/3) Rsxsin(3xpi/3) 0 constraints 1,2 fixed

5 Rsxcos(4xpi/3) Rsxsin(4xpi/3) 0 constraints 1,2 fixed

6 Rsxcos(5xpi/3) Rsxsin(5xpi/3) 0 constraints 1,2 fixed

// vertices of the up pad

7 Rexcos(0xpi/3) Rexsin(0xpi/3) w_init+height constraint 3
8 Rexcos(1xpi/3) Rexsin(l+xpi/3) w_init+height constraint 3
9 Recxcos(2xpi/3) Rexsin(2+pi/3) w_init+height constraint 3
10 Rexcos(3xpi/3) Rexsin(3%xpi/3) w_init+height constraint 3
11 Rexcos(4xpi/3) Rexsin(4xpi/3) w_init+height constraint 3
12 Rexcos (b*pi/3) Rexsin(5xpi/3) w_init+height constraint 3
//to show the lower half sphere

20 Rct*xcos(0xpi/3) Rect*sin(0+*pi/3) w_toptheight constraint 4
21 Retxcos(lxpi/3) Ret*xsin(lxpi/3) w_toptheight constraint 4
22 Retxcos(2+pi/3) Retxsin(2xpi/3) w_toptheight constraint 4
23 Retxcos(3xpi/3) Ret*xsin(3%xpi/3) w_toptheight constraint 4
24 Ret*xcos(4xpi/3) Ret*sin(4xpi/3) w_toptheight constraint 4
25 Rcetxcos(5xpi/3) Rectxsin(5xpi/3) w_toptheight constraint 4
26 0 0 fixed constraint 4
Edges

//the edges of the lower pad

1 1 2 constraints 1,2 lower_length lower_ area mean c fixed
2 2 3 constraints 1,2 lower_length lower_area mean_ c fixed
3 3 4 constraints 1,2 lower_length lower_area mean c fixed
4 4 5 constraints 1,2 lower_length lower_area mean_c fixed
5 5 6 constraints 1,2 lower_length lower_area mean_c fixed
6 6 1 constraints 1,2 lower_length lower_area mean c¢ fixed
//outside edges of the upper pad

7 7 8 constraint 3 upper_length upper_area mean_c

8 8 9 constraint 3 upper_length upper_area mean_c

9 9 10 constraint 3 upper_length upper_area mean_c

10 10 11 constraint 3 upper_length upper_area mean_c

11 11 12 constraint 3 upper_length upper_area mean_c

12 127 constraint 3 upper_length upper_area mean_c

//the vertical edges

13 1 7

14 2 8

15 3 9

16 4 10

17 5 11

fixed
fixed
fixed
fixed
fixed
fixed
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18 6 12

//to show the low half sphere

37 20 21 constraint 4 fixed
38 21 22 constraint 4 fixed
39 22 23 constraint 4 fixed
40 23 24 constraint 4 fixed
41 24 25 constraint 4 fixed
42 25 20 constraint 4 fixed
43 20 26 constraint 4 fixed
44 21 26 constraint 4 fixed
45 22 26 constraint 4 fixed
46 23 26 constraint 4 fixed
47 24 26 constraint 4 fixed
48 25 26 constraint 4 fixed

Faces

// defined by oriented edge loops to have outward normal
// the vertical faces

1 1 14 —7 —13 tension TENS color yellow

2 2 15 —8 —14 tension TENS color yellow
3 3 16 —9 —15 tension TENS color yellow
4 4 17 —10 —16 tension TENS color yellow
5 5 18 —11 —17 tension TENS color yellow
6 6 13 —12 —18 tension TENS color yellow

//to show the low half sphere

19 37 44 —43 constraint 4 color red temnsion 0 fixed

20 38 45 —44 constraint 4 color red temnsion 0 fixed

21 39 46 —45 constraint 4 color red temnsion 0 fixed

22 40 47 —46 constraint 4 color red tension 0 fixed

23 41 48 —47 constraint 4 color red tension 0 fixed

24 42 43 —48 constraint 4 color red tension 0 fixed

//to show the bottom of the low pad

//25 —6 —5 —4 —3 —2 —1 constraints 1 no_refine color green tension 0
fixed

Bodies // defined by oriented face list

1 123456 volume 4xpi/3 density 1

// SCRIPT: //
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read

hessian normal

unfix vertex where id>=7 and id<=12 // were fixed by being on fixed
edges

//t .01 // get rid of some stuff

// do this to stop red sphere refining
fixred := { set facet no_refine where color = red;

set edge ee no_refine where max(ee.facet ,color=red) = 1;

//clear edge lines of fluid
clear lines := {

set edge color clear where on_ constraint 4;

}

//compute contact angle of liquid at pinned contact line

compute_angle_bottom := {
angle_sum := 0;
ind := 0;

foreach vertex vv where on_ constraint 1 do

{

if vv.vertex mnormal[l]*vv.x > 0 or vv.vertex_ normal[2]xvv.

y > 0 then
{angle_sum := angle_sum+acos(vv.vertex_normal[3]);}
else
{angle_sum := angle sum-—acos(vv.vertex_normal[3]);};
ind++;
}s
pin_angle := (angle_sum/ind);//take average

//print pin_anglex180/pi;

}

//TODO: check angles
//compute contact angle of liquid top contact line with z axis

function real get_angle(real ¢_num) //c_num: constraint number of edge

{

angle_sum := 0;
ind := 0;
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foreach edge ee where on_ quantity upper_length do
{
angle_temp := acos(ee.vertices[1l].vertex_normal[3]);
if ee.vertices[1].vertex_normal[l]*xee.vertices[1l].x > 0 or

ee.vertices [1].vertex_normal[2]xee.vertices[1].y > 0

then
{angle_sum := angle sum + angle temp;}
else
{angle_sum := angle sum — angle temp;};
ind++;

}s
anglel := (angle_sum/ind)«*180/pi;//take average
//print anglel*180/pi;

return anglel;

compute_angle top := {
angle_sum := 0;
ind := 0;

foreach edge ee where on_ constraint 3 do
{
angle temp := acos(ee.vertices[1l].vertex normal[3]);
if ee.vertices[1].vertex normal[l]xee.vertices[1l].x > 0 or

ee.vertices [1].vertex_normal [2]xee.vertices [1].y > 0

then
{angle_sum := angle_sum + angle_temp;}
else
{angle_sum := angle_sum — angle temp;};
ind++;
H
angle_avg := (angle_sum/ind)*180/pi;//take average

angle_top := 90 + (cone_anglex180/pi) — (angle avg) + (tilt
x180/pi); //contact angle
print angle_ top;

compute_wetted__height := {
hl := max(vertices where on_ constraint 3,z);
wetted _height := hl—height; //average wetted height

}
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//change height

new__height := height //set new_height and run change_ height
change_height := { old_height := height; dz := new_height — old_height
; height := new_ height;

set vertex z z+dz where z > 0 and (not on_ constraint 6 and not
on_constraint 7 and not on_constraint 8 and not on_ constraint
9):

set vertex z zx(new__height+w_init)/(old_height4+w_init) where
on_constraint 6 or on_constraint 7 or on_constraint 8 or
on_ constraint 9;

recalc;

//change Rs (bottom pin radius)
new_Rs := Rs //set new_Rs and run change_Rs
change. Rs := { dRs := (new_Rs — Rs)/(2xsqrt(2)); Rs := new_Rs;

set vertex y y—dRs where on_ constraint 6;
set vertex x x+dRs where on_ constraint 7;
set vertex y y+dRs where on_ constraint §;
set vertex x x—dRs where on_ constraint 9;
recalc;
¥
//special refine routines
re := { refine edges where on_ constraint 1;}
re_top := { refine edges where on_constraint 3;}
//refine top facets
re_top2 := {foreach edge ee where on_quantity upper_length do
{refine ee.facets;};
}
//refine bottom facets
re_bottom := {foreach edge ee where on_quantity lower_length do

{refine ee.facets;};

}

//refine top face edges
re_top3 := {
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foreach vertices vv where on_ constraint 3 do {
//printf "%g %g %g\\n",x,y,z;
refine vv.edges where length =— max(vv.edges,length);

}s

//refine top large faces
re_topd := {
foreach vertices vv where on_constraint 3 do {
//printf "%g %g %g\\n',x,y,z; //list vv.facets;
foreach vv.facets ff do {
vv_count := count(ff.edges where not on_ quantity
upper_length , id);
if vv_count = 3 then {refine ff;};
}s
}s

//refine edge where length > .0048 and not no_refine;
//Evolve scripts

// a typical evolution
gogo0 := { edgeswap edge where id >= 13 and id <= 18;
g 9;
r;
g 95 Vi g 5; Vi g 5
r;

g 22;

fixred; compute_angle top;

gogol := {re;
gd; r; gl0; r; 2205 r; g40; r; u; gl00;
scale_val := scale;
compute_angle top; compute_angle bottom;

compute_ wetted__height;

}

//better evolve routine (BEST FOR CONE)
gogo2 := {edgeswap edge where id >= 13 and id <= 18;
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re_topd; re; g5;

{r; u; Vy g 203} 4;

U;g100;U;

r; u; V; g 10;

//hessian; hessian;hessian;

U:gl10;U;

scale_val := scale;

compute_angle_ top; compute_angle bottom;
compute_wetted height;

clear_lines;

}
//use for small Rs
gogo3d := {re;re_top3; re_bottom;re;re_top2;g30;
{r; u; V5 g 105} 3; {r; V;U;g50;U;} 1;//re_top3; u; V;
//&1000;
V;U; g100;U;
scale_val := scale;

compute_angle_ top; compute_angle bottom;

compute_wetted height;

}

//use for large Rs
gogob := {re_bottom;re;re_top3; re_ topd;re_top3; re_topd;re_ top2;
re_bottom;re;gl00;re_top;
{r; u; V; g 100;} 3;//re_bottom;re;{r; u; V; g 100;} 2;//re_top;{r
;u;Vigl00s}) 15/ /re top3; u; Vi
//81000;
U;g300;U;
scale_val := scale;
compute_angle top; compute_ angle bottom;

compute_ wetted__height;

}

//use for small Rs
gogob6 := {g; re_bottom;re;re_top3; re_topd;re_top3; re_topd;re_top2;
re_bottom;re;gl00;re_top;
{r; u; V; g 100;} 3;//re_bottom;re;{r; u; V; g 100;} 2;//re_top;{r
;u;Vigl00;} 15/ /re_top3; u; V;
//1000;
U;g300;U;
scale_val := scale;
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compute_angle_top; compute_angle_ bottom;
compute_wetted height;

}

gogod := {re; gb;
{r; u; V5 g 205} 3;
u; V; U; gl0; U; u; V; gl00; U;g200;U;
scale_val := scale;
compute_angle top; compute_ angle bottom;
compute_ wetted__height;

}

// For saving coordinates before perturbation
save_coords := { foreach vertex vv do

{ set vv.old coord[1] x

set vv.old coord[2] y;

z

b

set vv.old_ coord[3] z;

// For restoring coordinates after perturbation
restore_coords := { foreach vertex vv do

{ set vv.x old_coord[1];

set vv.y old_coord[2];

set vv.z old_coord [3];

}

// Force by central difference of energy minima
compute_force := {
/xforce calculated by pressure and angle at bottom
surfacex/
force2 := (((body[1l].pressure—ambient pressure_value)x
lower__area.value)—
(lower_length.valuexsin (pin_angle)))/2/pi; //bottom
forcel := (((body[1l].pressure—ambient_pressure_value)x
upper__area.value)—
(upper_length.valuexcos(abs((angle_ top*pi/180)—
cone_angle))))/2/pi; //top
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//force—distance data
get_fd := {
//height_start := 0.001; height_end := 0.4; dh := 0.02; //SET
HEIGHT SEQUENCE CHECK!
outdir := sprintf "E:/Work/Surface Evolver/afm_pyramid/data
/20220906 __cone_sym__height0_cal0/";//TA_%0.0f /" ,a_dev; //CHECK
OUTPUT DIRECTORY
data_name := sprintf "data—CA p%2.6g—TA %0.0f" ,CA px180/pi,
cone_anglex180/pi; //SET FILE NAME

quiet on;
printf "Contact_Radius:\tBottom__Angle:\tForce_Eng:\
tForce_Calc:\ tScale\n";

// num := l+abs((height end—height_ start)/dh);
// if height end > height start then {h_ step := dh;} else {
h_step := —dh;};

// save data

outname := sprintf "%s%s.txt",outdir ,data_name;

if Rs = 1.0 then {printf "Contact_Radius\tHeight\tForce_Eng)\
tForce__Calc\t"
"Bottom_ Angle\tTop_Angle\tCone_Angle\tTilt_ Angle\t"
"Energy\tArea\tScale\tVolume\tPressure\tBottom_Length\t"
"Top_Length\tBottom_ Area\tTop_Area\tMean curvature\t"
"Bottom__Angle_ Calc\tTop__Angle_Calc\tAverage Wetted Height)\
tInitial__guess__height\n">> outname;}
else {printf "";};

dataline := ;

gogo2; //evolve routine

compute_force; //calculate force
printf "%g\t%#2.3g\ t%—#2.3g\ t %—#2.3g\ t %—#20.15g\n"
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height ,pin_anglex180/pi, forcel ,force2 ,

scale_val;

dataline:= sprintf "%—#2.3g\t%—#2.6g\t%—#20.15g\ t
%—+#20.15g\ t "

"%og\ t%g \ t%g \ tg \ t "

"%—#20.15g\ t %o—#20.15g\ t "

"%—#20.15g\ t %—#20.15g\ t %—#20.15g\ t
%0—#20.15g\ t %o—#20.15g\ t "

"%—#20.15g\ t %o—#20.15g\ t %—#20.15g\ t
%o—#20.15g\t "

"%—#20.15g\ t %o—#20.15g\ t %—#2.6g\n" ,

Rs, height , forcel ,force2 ,

CA_sx180/pi ,CA_px180/pi,cone_angle
*180/pi, tilt *180/pi,

total _energy ,total_area ,scale_val,
body [1]. volume,

body [1]. pressure ,lower_length.value,

upper__length.value ,lower_area.value,
upper_area.value ,mean_c.value

pin_anglex180/pi,angle_top,
wetted__height ,w_ init;

/* save data x/
printf "%s",dataline >> outname;

/* save dump file =/
dump sprintf "%s%s_ dump—Rs%0.3f.dmp" ,outdir ,data_name,

Rs;

quiet off;
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