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ABSTRACT

Understanding the tribology and adhesion between surfaces at a wide range of length scales
is essential for creating the next generation of contamination resistant and super adhesive
surfaces. Adhesion and frictional control between solid-solid or solid-liquid surface contacts
impact on all aspects of life and is important in a variety of industrial applications and future
technologies. Many studies have investigated micro-structures (arrays) on the scale from a
few to a hundred micrometres but so far researches on smaller scales have been limited.

This study will focus on the contact area and wettability of surfaces on the micro/nanoscale.

Insect cuticles, one of the most noteworthy naturally occurring nano-composite materials
are considered a free and potentially rich source of technology ‘invented’ by natural
selection. Many are multi-functional with efficiencies beyond that of artificially created
surfaces. Insects with large wings are unable to clean themselves with their extremities.
Contaminants (water and/or contaminating particles) on the wing have a negative effect on
the flight capabilities of insects. Insects with a very high wing surface-body mass ratio (SM)
index are more susceptible and greatly affected by contamination. A number of these

insects exhibit unique structures to decrease wing contamination.

Recent studies show that some of these cuticles exhibit impressive superhydrophobic
properties. Little was understood about their surface characteristics on the nano-scale prior
to the invention of instrumentations and techniques such as the Atomic Force Microscope
(AFM) and the Scanning Electron Microscope (SEM). This study utilises the AFM to
investigate the tribological properties, including adhesional properties, on a range of insect
wing membranes at different length scales. The SEM has been useful to visualise and

analyse the nanostructures and properties of surfaces.

New methodologies have been employed for micro and nano-scale investigation to
determine the functions, functional efficiencies and potential applications of a range of
micro/nanostructures recently found on the cuticle of insect wings. Interactions of natural
contaminant mimicking spherical surfaces (of different size and chemistry) with insect

cuticles were observed and tribological properties were measured. The project will address



a number of scientific problems focusing on the control of adhesional properties between
surfaces (solid-solid and solid-liquid interactions). A newly discovered water ridding
mechanism due to hairs on the lacewing could lead to the creation of a true water repellent

surface.

Vi
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FEATURE ARTICLE

INSIDE JEB (March 15, 2011)

NON-STICK HAIRS KEEP CRANEFLIES DRY

Large animals think nothing of walking through a heavy mist: water droplets simply role off

their hides. However, smaller insects are at constant risk of entrapment by the sticky forces

of surface tension. Craneflies, which set up home in boggy settings and riverbanks, routinely

1



encounter damp surfaces and mist that could prove fatal, yet they shrug off droplets with
ease and can even stand on water. Jolanta Watson and colleagues from James Cook
University and the University of Queensland, Australia, decided to take a close look at the

insect's fragile legs and wings to find out how craneflies avoid getting stuck in water.

Photographing cranefly legs at increasing magnification, the team could see that the insect's
legs are covered with water-repelling hairs: thick long (90 um) hairs with a rough grooved
surface, shorter thick curved hairs, even shorter fine hairs and the shortest hairs of all found
clustered at the base of the longest thick hairs. The insect's wings are also covered in fine
hairs, with 12 um long hairs distributed evenly across the membrane and 90 pum long hairs

coating the wing veins.

To find out how repellent the hairy surfaces are, the team photographed water droplets on
the insect's legs and wings. They saw that instead of spreading over the insect, the droplets
formed perfect spheres, characteristic of the way water is repelled by a hydrophobic
surface. And when they laid a cranefly leg on water, the hairs formed tiny dimples in the

surface instead of piercing it.

Finally, the team tested how the grooves on the longer hairs help the insects repel water by
coating the long hairs with hydrophobic polydimethylsiloxane to fill the grooves. Poking
coated and uncoated hairs into water droplets, the team could see that the coated hairs no
longer repelled water and penetrated the droplets with ease, while the uncoated hairs were

unable to pierce the droplets.

So craneflies avoid getting trapped in sticky water with a coating of rough hydrophobic
hairs. Watson and her colleagues are keen to design cranefly-inspired water-repelling and

self-cleaning surfaces.

(See Chapter 7)



1 INTRODUCTION

The promise of controlling the tribology and adhesion between surfaces at various length
scales, and more importantly an advanced understanding of the processes involved, will
ultimately lead to the next generation of contamination resistant and super adhesive
surfaces (Blossey, 2003). Adhesion and frictional control between surfaces, whether as
solid-solid or solid-liquid contacts, impact on all aspects of life from the need to keep
surfaces clean, to the state-of-the-art of droplet-based micro-fluidics systems (Blossey,
2003, Lehto et al., 1999). The Holy Grail in regards to adhesion would be the ability to
fabricate surfaces at two extremes - a surface that adheres to anything and a surface that

nothing will adhere to.

Controlling adhesion between solid-solid and solid-liquid contacts is critical in a number of
industrial applications and more important for predicted future technologies. For example,
advances in  nanotechnology, including micro/nanoelectromechanical systems
(MEMS/NEMS) has stimulated development and the need to design surfaces with ultra-low
adhesion (Burton and Bhushan, 2005). When considering the functionalities of
micromechanical and nano-sized devices that require materials with tailored tribological
properties, the issues addressed in this project become more critical (Burton and Bhushan,
2005). The contact area and wettability will affect the adhesion, friction and wear, and may
inhibit, possibly prohibit, the functionalities of micromechanical and nano-sized devices, as
well as impact on their ultimate life expectancy (Burton and Bhushan, 2005, Abdelsalam et
al., 2005, Ando and Ino, 1998). Many studies have investigated well-ordered structures
(arrays) on the scale from a few to a hundred micrometres. However, so far there have been

only a limited number of studies of nm-sized structures (Burton and Bhushan, 2005).

Naturally occurring nano-structures are a much-neglected, but potentially rich, source of
products exhibiting finely tuned functional efficiencies. While the pharmaceutical industry
has long recognized the value of natural compounds, the emerging industries based on
nanotechnology have so far made relatively little use of ‘free’ technology that has been
‘invented’ by the imperatives of species survival. One of the most noteworthy naturally

occurring nano-composite material is the insect cuticle (Vincent and Wegst, 2004). Many



micro/nano-structures found on cuticles of insects are multi-functional and some have
efficiencies beyond that of artificially created surfaces. Recently natural micro- and nano-
structures found on insect cuticles have been shown to exhibit a range of impressive and
remarkable properties such as superhydrophobicity, directed wetting and ultra-low

adhesion (Parker and Lawrence, 2001, Gorb et al., 2000, Watson et al., 2008b).

A study and seminal work by Wagner et al showed that there was a correlation between
contaminability, wettability and the wing area of many insects (Wagner et al., 1996). They
showed that large winged insects such as butterflies demonstrated extremely low
contamination and have very unwettable wings, while smaller winged insects (e.g., flies)
showed the opposite trend. Additional weight due to contamination (water and/or
contaminating particles) can potentially have a detrimental effect on the flight capabilities
of large wing insects (Wagner et al., 1996). Insects with a very high wing surface-body mass
ratio (SM) index will have an even greater susceptibility to these effects. A number of
insects which have large wings and/or high SM values exhibit unique structures to combat
wing contamination from foreign bodies such as water and particulates (Gorb et al., 2000,
Fang et al., 2007, Large et al., 2007, Tada et al., 1998) . The result in most instances provides
an extremely hydrophobic and in some cases superhydrophobic surface. These
superhydrophobic surfaces will not only reduce the effects of contact with particulates but
also promote other functional properties (Watson et al., 2008b) such as self-cleaning for

removing foreign bodies such as dust (Wagner et al., 1996).

The mechanisms and functional efficiency of nano-structures identified on a variety of
insects has as yet not received a great deal of attention. One of the major obstacles to a
better understanding of these structures has been the inability to undertake surface and
interface characterization on the nano-scale. The invention of instrumentation and
techniques such as the Atomic Force Microscope (AFM), and the latest generation of
imaging and analytical electron-optical techniques has given the scientific community new
tools with which to visualise and analyse the structure and properties of surfaces and

interfaces on the nano- and meso-scale.

In this study the latest instrumentation and methodologies for nano and micro-scale

investigation was utilized in order to determine the function, functional efficiency and



potential applications of a range of novel nano- and-micro scale structures recently
discovered by Watson et al. (Watson et al., 2008b, Watson and Watson, 2004, Watson et al.,
2007) and by others (Wagner et al., 1996) on the cuticle of insect wings. In particular, this
study will utilise the AFM to investigate the tribological properties including adhesional

properties on a range of insect wing membranes at different length scales.

A previously unreported water ridding mechanism is included in Chapter 8. Understanding
surface functional mechanisms provides clearer directions towards creating new and more
efficient surface functionalities to help meet the standard and demands of upcoming

nanotechnologies.

Information required prior to the experiments are contained in Chapter 2 and 3. Chapter 4,
5 and 6 investigate the insect wing structures on a range of species and their nano, micro
and macro scale properties particularly wetting (Chapter 5) and adhesion with solids
(Chapter 6). Chapter 7 highlights the importance and efficiency of surface structures in non-
wetting of the hairs on craneflies. Moving onto a larger insect for a more in-depth
investigation of the role of cuticle hairs Chapter 8 examines the mechanistic processes
involved in wetting prevention, self-cleaning and water repelling by the hairs on lacewing

cuticles.



2 THEORETICAL BACKGROUND

2.1 THE ATOMIC FORCE MICROSCOPE (AFM)

The Atomic Force Microscope (AFM) is a sub-family member of Scanning Probe Microscopy
(SPM) and in its early days was typically used for imaging beyond the optical microscope
limit. However, its unique imaging method of using a probe to interact with the sample
surface allows other surface features/properties to be determined. The AFM’s potential as a
force sensing instrument on surfaces is a significant factor contributing to its popularity. The
basic elementary function common to all SPMs is using the probe to interact with surfaces.
At high resolutions this interaction can occur primarily between several atoms on the apex
of the tip and atoms on the surface. The amount of interaction can be plotted as a function
of the lateral position to produce an image. Its unique imaging method of using a probe to
interact with the sample surface allows other surface properties such as surface adhesive
forces, frictional forces and material spring constants (Gibson et al., 1997, Watson, 2001) to
be determined as well as surface manipulation (Watson et al., 2006a, Watson et al., 2008c,

Watson, 2005).

2.1.1 AFM COMPONENTS & BASIC OPERATIONS

Typically the main elements of the AFM consist of the laser, detector, scanner and most
importantly the probe. The probes consist of a cantilever and tip which constitutes the
interface between the sample and the other components of the AFM. The other two
important components of the AFM are the laser and the position-sensitive-photo-detector
(PSPD) which combine to monitor the deflection of the cantilever. During the AFM
operation, the laser reflects off the top surface of the cantilever and its intensity is received
typically by the four quadrants on the PSPD. The amount of intensity each quadrant receives

during scanning will constantly change as the tip interacts with the sample surface.



Generally for imaging the tip is held in contact with the surface, with a piezoelectric scanner
responsible for moving the sample or the probe in a raster pattern during the process of
operation. Most AFM instruments allow the user to set various scanning parameters: scan
speed, scan area; resolution (i.e., increment in the y-direction), scan angle, response

sensitivity (feedback) etc.

As the tip moves over a structure, the cantilever will bend, buckle and/or twist
corresponding to any change in topography height, adhesion and surface friction. The
software converts the cantilever movements into a topographical image or a surface force

map.

The PSPD implemented in the instrumentation used in this thesis is composed of four
separate quadrants (ABCD (Figure 2.1-1)) where the position of the centre of the laser is
determined from the relative intensities received by the quadrants. The top and bottom
part of the PSPD (AB and CD respectively) detects bending (and buckling in some cases) of
the cantilever which corresponds to changes to the sample topography given by Equation

2.1-1.

_ (g +1p) — (¢ +1p)
L+l +1+1,

Equation 2.1-1

Where Y is the vertical position of the centre of the light spot with respect to the centre on
the quadrant detector and /4, Ig, Ic and Ip are the intensities of the light received by each of

the quadrants A, B, C and D respectively.

Similarly, the quadrant pairs AC and BD measure the lateral twisting of the cantilever due to

the frictional/lateral forces with the sample given by Equation 2.1-2.

s+ 1p)—Up+ 1)
Iy+Ig+1.+1p

Equation 2.1-2

Where X is the horizontal position of the centre of the light spot with respect to the centre

on the quadrant detector.
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Figure 2.1-1. The path of the laser in a typical AFM instrument reflecting off the cantilever,
mirror and onto the detector.

22.1.1.1 THE CANTILEVER & THE TIP/PROBE

Interaction with the sample surface is probed at the free end of a cantilever. Cantilevers are
available in a wide range of dimensions/shapes, chemistries and stiffnesses. Most of the
cantilevers consist of a sharp tip at the free end. The tips are also commercially available in a

wide variety of dimensions/shapes and chemistries.

Choosing between the wide range of AFM probes will depend on the purpose and the
surface being scanned. Beam shaped cantilevers were predominately used for the studies in
this thesis (Figure 2.1-3) (discussed in greater detail in sections 2.1.1.2, 2.1.1.3). V-shaped
cantilevers were designed to minimise twisting and improve topographical imaging quality,
however Sader (Sader et al., 2003) suggests that V shaped cantilevers actually twist more
than beam shaped cantilevers. Tipless cantilevers can be employed for attachment of
particles of specific sizes and chemistry both anthropogenic and natural in origin. For
example, particles such as pollen and silica beads which mimic natural contaminants can be
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attached to tipless cantilevers under an optical microscope (Section 3.1.3 for hair
attachment procedure). The particles can be characterised by scanning over an array of
spikes (with radius << radius of beads) i.e. reverse-imaged (Hellemans et al., 1991) (Figure
2.1.2). Resonance frequency measurements can be carried out prior and after their

attachment to measure other parameters such as spring constants.

Figure 2.1-2. Reverse image of a 31 um bead revealing a clean surface.

The deflections of the cantilever due to any surface features allow a topographical image or
a map of the force (e.g., frictional) to be produced. The bending (in the z-direction) and
twisting (in the x-direction) of the cantilever corresponds predominantly to changes in
topography and the surface friction, respectively (refer to Figure 2.1-3 for the directions).
The choice of cantilever force constants will depend on the surface being scanned and the

magnitude of the interacting forces.

During imaging in the common constant force mode, a feedback system responds to the
deflections of the lever to maintain constant loading force by moving the probe up or down
to counter the deflection due to a bump or depression, respectively. For contact mode

imaging keeping a constant loading force is important in both topographical and lateral
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scanning. If the force exerted on the surface is great enough, manipulation of the surface

and the creation of structures on the micro and nano-scale can occur (Watson et al., 2006b).

2.1.1.2 CANTILEVER LOADING (NORMAL) FORCE CONSTANT

The spring constant (ky) is dependent on the cantilever’'s dimensions and material
properties. Obtaining ky is especially important in the force-distance operation (Sections
2.1.4 and 2.1.5). Silicon nitride and silicon are two of the most common materials for
probes. For a beam-shaped cantilever with dimensions (length, width and thickness (L, w, t))

and Young’s Modulus (E) (= 130 Gpa for Si (Hopcroft et al., 2010)) the spring constant is:

Et’w
N 3
41

Equation 2.1-3

V-shape cantilevers are often approximated as two parallel beams and Equation 2.1-3
y Et’w

becomes "N — 2L3 where L in this case is the distance of the tip from the cantilever

(Sader, 1995). Measuring the lever parameters like cantilever thickness (typically a few um)

to a high accuracy requires the Scanning Electron Microscopy (SEM). Reflective or additional

coatings of different physical properties on cantilevers can alter the spring constant (by less

than 0.005N/m for the cantilevers used in the experimental sections).

There are methods which reduce or eliminate the power of the dimension terms by
introducing other terms such as the resonance frequency of the cantilever (vy) and
cantilever material density (p). The resonant frequency of the cantilever is also dependent
on the cantilever’s dimensions and density of its material and hence can be used to replace
the thickness term in Equation 2.1-3. The spring constant of a beam shaped cantilever can

be obtained using Equation 2.1-4:
3\
k, = 27Z3L3W(%j vo®
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Equation 2.1-4
Where p = 2340kg/m” (in this case for Si) (Watson, 2005).

For non-tipless cantilevers (where L/w > 5) (Sader et al., 1999)), the extra weight (M) due to
the tip perturbs the resonance frequency measurement to become v; (Harris and Crede,

1976, Jing et al., 2007):

_ 1 Ky
27 \'M +0.2427m

U

Equation 2.1-5

for an extra mass of ~1/3 of the beam lever, vy could be dampened by ~15% and hence

reducing ky by ~34%.

Static loading methods are simple and direct and are applicable to various cantilevers and
can also be used to measure the stiffness of microtrichia (small hairs on the wings and
bodies of insects), as described in greater detail in Section 3.1.2. The cantilever’s deflection
due to a known loading force applied above the cantilever tip is obtained to determine the
spring constant according to Hooke’s law (Force = ky X deflection). Using an AFM with a
calibration cantilever (with a well determined ‘known’ spring constant) an unknown
cantilever’s force constant can be accurately determined using force-distance (f-d) curves.
The slope of the curve D represents the deflection of the cantilever and hence ky is given by

(Gibson et al., 1996):
g =0
N =
C/D-1
Equation 2.1-6

where K is the standard cantilever spring constant and C is the slope of the cantilever

pushing against an incompressible surface (slope of approach curve 1, Figure 2.1-10).

The accuracy depends on the precision of the loading force and the point of loading which is

associated with the dexterity, judgement and experience of the operator (Gibson et al.,
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1996) however accuracy is generally lower for cantilevers with low spring constants (i.e. ky <

1N/m) (Butt et al., 2005, Ying et al., 2007).

For beam shaped cantilevers, the inaccuracies can be reduced by taking deflections due to
loading forces applied along the cantilever(Ying et al., 2007). The offset in the loading point
AL on a beam cantilever will cause the spring constant to change by Aky approximated by
(Ying et al., 2007):

3AL

Ak =—k 2=
L

Equation 2.1-7
for |AL| << L.

An image of the loading point allows the location to be chosen close to the tip of the
unknown cantilever. The unknown cantilever should have a spring constant within an ideal
range between (Gibson et al., 1996) 0.3K, to 3.0Kj,. Using several cantilevers within that

spring constant range for calibration will improve accuracy.

Other alternative methods of determining spring constants include measuring the
resonance frequency under different density liquids (Sader et al., 1999) or with a known

mass attached (Harris and Crede, 1976, Jing et al., 2007).

In the experiments involved in this thesis, resonance and static loading techniques using pre
calibrated cantilevers were utilised to accurately determine cantilever and hair spring
constants, respectively. As well, whenever possible, measurements on several different
surface samples were taken using the same set of cantilevers under the same conditions to

compare adhesion values.

2.1.1.3 CANTILEVER FORCE CONSTANTS DEFORMATION DURING AFM OPERATION

Bending, buckling and twisting of the cantilever are an important part of the AFM operation.

These deformations are results of tip interactions with the local forces of the sample

12



surface. Forces acting along the z-, y- and x-direction correspond to the bending (in the
normal direction), (longitudinal) buckling and twisting of the cantilever, respectively. The
bending of the cantilever in the z-direction (as discussed above) will also contribute to the
tip displacement in the y-direction. The force constants ky, k;, kr shown in Figure 2.1-3 are
given by Equation 2.1-3 (Section 2.1.1.2), Equation 2.1-8 and Equation 2.1-9 (Gibson et al.,
1997, Ogletree et al., 1996, Warmack et al., 1994) which describes the deformation of the

lever by the lowest order modes of a long thin beam:

2
bl
3h
Equation 2.1-8
_ Gwt®
T 3Lh?

Equation 2.1-9

where h is the height of the tip, G is the shear constant of the cantilever = E[2(1— )]

(Watson, 2005) and x is the Poisson's ratio (0.4 in this case for Si)(Watson, 2005).

If the normal spring constant of the probe is known then the lateral twisting force constant

can be calculated using Equation 2.1-10:

Equation 2.1-10
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Figure 2.1-3. The relevant force constants of a beam shaped cantilever.

The bending of the cantilever in the z-direction will also contribute to the tip displacement
in the y-direction which is typically small and is neglected in this work. This spring constant

kep is given by (Watson, 2005):

2
W
Ko, =Ky —
Cb N
tz
Equation 2.1-11

The shear deformation of the tip will be small and will be also neglected. However the

deformation in the x- and z-direction are respectively given by (Watson, 2005):

2

ko, =Gt
L

Equation 2.1-12
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Equation 2.1-23

2.1.2 IMAGING

During scanning, the AFM instrumentation (JEOL and the Topometrix instruments use in this
thesis (Section 3.1)) operate by measuring tip deflections and scanner motion (generally in a
raster pattern). The deflections of the cantilever due to any surface features allow a
topographical image or force map to be produced. The bending (in the z-direction) and
twisting (in the x-direction) of the cantilever corresponds to changes in topography height
(or adhesion in the non-contact cases, see Section 2.1.4) and the surface friction (Section
2.1.5), respectively. In this study, the fast scanning direction of the tip is always along the x-
direction by convention and the loading force is always applied in the z-direction (Figure 2.1-

3).

A requirement of constant force imaging is that deflection of the cantilever needs to be kept
as constant as possible by the feedback system. This means when the tip travels over a rise
or a drop on the surface, the deflection in the cantilever sensed by quadrant changes on the
PSPD cause the stage/sample to move down or up to counter the deflection. The loading
force can be varied depending on the experimental requirements, e.g., high for
incompressible surface imaging or intentional surface manipulation (Blach et al., 2004,
Watson and Watson, 2008, Watson, 2005, Watson et al., 2006c), and generally low for
biological/compliant surfaces (e.g., cells, polymers) (Meyer, 2004, Watson, 2001, Watson,
2005). Unless manipulation is intended, the amount of force applied from the tip to the
surface should not cause irreversible damage to the sample. The choice of cantilever spring
constant will depend on the surface being scanned. The spring constant of the elastic
surface should be close to the spring constant of the lever for general purposes. For a
surface with higher friction, a stiffer or V-shaped cantilever can reduce twisting during

scanning.
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Tip geometry, the condition of the tip and their adhesiveness have a decisive role in the
overall image quality as well as lateral force and force-distance measurements. Wearing and
breakage of the tip and unwanted adherent contaminates can significantly modify the

interaction between the probe and the sample.

22.1.2.1 TIP CONTAMINATION AND BREAKAGE

The condition of the tip determines the quality of the image where the lateral resolution is
dependent on the radius of curvature of the tips. Tip geometry and their adhesiveness have
a decisive role in the overall image quality. For high precision scanning, contaminated tips
are a big problem. Tip contamination happens when an unwanted substance/material
attaches itself onto the tip. It occurs particularly with soft, adherent polymer samples
especially when the tip collides with steep features or loose particles. Unwanted adherents
may reduce the clarity of the image as seen in Figure 2.1-4 (Watson and Watson, 2008)

(sometimes producing a double image called ‘ghost’) and also affect the adhesion section on

the force-distance curve.

Figure 2.1-4. Shows an AFM image
where the top half was scanned with a
contaminated tip. The contaminant
was detached by the scanning
procedure around half way through
the imaging process and hence the
image became more detailed.

Wearing and breakage is inevitable for all AFM tips. Usually wearing results in the tip

becoming blunt which means the tip has an increased contact area with the sample surface
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and produces a less detail image. The interaction between a broken tip and the sample
surface is also different as a different tip shape changes the resolution, indentation and
adhesion with the surface. Ghost images (Figure 2.1-5 (A)). that are generally produced by

tip contamination can also happen when a tip breaks into two sharp ends (Figure 2.1-5 (B)).

Figure 2.1-5. (A). Double tip resulting in a ghost image to be produced.

i (
—> breaks —
off ¢

Figure 2.1-6. (B). The end of the tip chips off creating a double tip.
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22.1.2.2 INACCESSIBLE AREAS DURING IMAGING OPERATION

There are some structures of samples that are unable to be scanned. These structures
include holes (Figure 2.1-6 (A)) which are smaller than the tip radius or deeper than the tip
height. As a result, the topography of the hole obtained will represent the shape of the tip
and not the actual hole itself. Other features include steep surfaces and steeply curved
surfaces (Figure 2.1-6 (B)) where the probe is unable to proceed into the area making
contact at the tip apex. An example of this is the inside of a small cylindrical structure.
Finally Figure 2.1-6 (C) shows the area beside a steep bump, which is usually left out by the

tip scanning in the direction from the other side.

(A) Small Hole

(B) Curved Surface

9

® (]
esscccccccseee ®eccccccccscccsscccse

(C) Area Missed

Figure 2.1-7. (A) Shows the tip is unable to reach the bottom of a small hole. (B) The large
curved surface does not allow the tip to proceed into it. (C) A tip scans over a bump on the
surface and misses a small area beside it.
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2.1.3 LATERAL FORCE

2.1.3.1 FRICTION LOOPS

Static and dynamic friction between the tip and the surface are measured via friction loops
which can be observed during a scanning process on an oscilloscope or on the computer
screen via appropriate hardware/software such as MaclLab/4s ADInstruments (instrument
and its software Scope version 3.6.69 alias). The friction loop (Figure 2.1-7 (A)) is a plot of
the amount of lateral twisting in the cantilever against the distance that the contacting
sample is moved. The total height is equal to the sum of the lateral force of the forward and
reverse direction. The magnitude of the lateral force corresponds to the amount of twisting

on the tip with the reflected positions of the laser detected by the PSPD.

Starting at position 1 and moving to position 2 on the friction loop in Figure 2.1-7 (A), the
tip-surface interaction forces the tip to remain fixed to the surface and subsequent twisting
of the cantilever (static friction regime). Therefore, the sharp end of the tip remains at the
same position while the cantilever twists causing the laser to be reflected to the right of the
detector. The distance that the tip has deflected is called the tip displacement, Axsj, (Figure
2.1-7 (C)).
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Figure 2.1-8. Schematic diagram of a friction loop (A) and the corresponding positions of

points 1-6 on the PSPD. A — D represent the four PSPD quadrants. (B) The orange triangles

on both (A) and (B) show the tip orientation (see section 1.2.3.3) at the relative positions.

(C) Surface motion and its lateral force will cause a tip displacement of Ax:j, which

corresponds to an angle of ¢for a tip with height h.
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Once the lateral force applied has overcome the static force the tip begins to undergo
dynamic friction (points 2 to 3) without further twisting. The displacement in the x direction
comes to a stop between points 3 and 4 and from here, the sequence is reversed. Lateral
force (F;) calculations require the tip displacement (Ax:jp,) which is found as an angle (¢) first

before being converted into a distance using simple geometry.

Therefore knowing the twisting spring constant Ky (Equation 2.1-9), the lateral force can be

obtained:
Equation 2.1-3

2.1.4 FORCE DISTANCE RELATION BETWEEN TIP AND SAMPLE

Forces along the z direction (Figure 2.1-3) such as electrostatic, van der Waals and capillary
(Section 2.1.6) mechanical responses (just to name a few) can be detected in a force versus
distance mode using tip-sample separation curve. The force effects are typically detected
before the tip apex and sample contact. Figure 2.1-8 illustrates the general force and
distance relationship observed by AFM translation of the tip and/or sample along the z
direction and shows a representation of an approach (red) and retract (blue) force versus
distance (F-D) curve taken on an incompressible surface in an ambient air environment

(Watson, 2005).
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Figure 2.1-9. Representative Force distance curve of a tip contacting a hard surface
experiencing both attraction and repulsion.

The horizontal scale is the amount of distance that the stage is moved by the scanner in the
z-direction. The vertical axis is the cantilever force measured along the z-direction by way of
tip interactions with surface using Hooke’s law. Section A-B along the approach (red) curve
represents the Figure 2.1-8 cantilever still not in contact and approaching the surface with

no or negligible forces acting on it (Figure 2.1-9 (A)).

Ty

Figure 2.1-10. (A) Shape of the cantilever corresponding to section A-B.

Section B-C (Figure 2.1-8) shows the attractive force exceeding the spring constant of the
lever causing the lever to snap into contact on the surface (Figure 2.1-9 (B)). This snap-on

feature is common on F-D curves taken in air due to the large meniscus attraction between
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the tip and the surface (which can be reduced or eliminated when working in liquid or under

vacuum (Section 2.1.6).

Jl
Figure 2.1-10. (B) Cantilever jumping into contact with the surface corresponding to
section B-C.

Section C-D (Figure 2.1-8) represents an additional force being applied from the tip down
onto the surface bending the cantilever (Figure 2.1-9 (C)). This loading force can be pre-
determined depending on the desired interaction force, or eliminated in order to determine

adhesive forces made at contact.

Figure 2.1-10. (C) Shape of the cantilever corresponding to section C-D where an
additional loading force is applied.

Section D-E (Figure 2.1-8) represents the cantilever beginning to retract with the tip apex
remaining in contact with the surface and insufficient cantilever bending to overcome

surface attractive forces (Figure 2.1-9 (D)).

-==_'T

Figure 2.1-10. (D) Shape of the cantilever as it starts to retract from the surface.

Section E-F (Figure 2.1-8) represents the retraction force where the spring constant is

sufficient to overcome the adhesive force (e.g., capillary force) (Figure 2.1-9 (E)).
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Figure 2.1-10. (E) The tip has detached from the surface.

Section F-G (Figure 2.1-8) is when the tip is far from the surface and experiences no forces

(Figure 2.1-9 (F)).

Figure 2.1-10. (F) The cantilever retains its original figure.

The hysteresis between sections C-D and D-E (Figure 2.1-8) is due to friction and the shape
and angle of the tip. For example, when the loading force is applied along the cantilever and
the tip is in contact with the sample, the tip may move slightly forward along the y direction
and then results in the hysteresis which is a consequence of the detector system responding

to both bending and buckling of the lever.
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2.1.5 FORCE DISTANCE CURVE AND INDENTATION

The loading force (Fy) of the tip to the surface can be obtained through knowing the
cantilever spring constant (ky) and deflection and the adhesion force between the tip and
the sample. The deflection and adhesion (section E-F in Figure 2.1-8) are represented as the
intensity on the PSPD which can be converted into Fy using ky and the gradient of the red

approach curve (C) between points C and D (Figure 2.1-8).

[adhesion force + ( final detector value — initial detector value)]
C

F, =Ky

Equation 2.1-4

2.1.5.1 INDENTATION AND FORCE DISTANCE CURVE ON A SOFT SURFACE

On soft surfaces such as some polymeric materials (e.g., PDMS, a silicon based polymer
(Section 3.5), significant amounts of tip indentation into the sample occurs. Lines C-D and D-
E (Figure 2.1-8) on the force distance curve are no longer straight but curved downwards

(Figure 2.1-10).

When the F-D curve for a soft surface is calibrated against an F-D curve for a hard surface.
The amount of indentation (o) (Figure 2.1-10) can be measured by calibrating the points of
contact (green X) between the tip and the surface of both graphs to the same distance
(preferably both at zero). Indentation of the tip and the hard surface chosen (Silicon wafer

in most cases) is small enough to be neglected.

Sneddon’s formula for the force applied to a cone tip surface is given by (Sneddon, 1965):

2E * o

F .(o)=
cone( ) ﬂtana

Equation 2.1-16
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Where Fne is the Fy from a cone shaped tip, o is the half angle of the tip (given by
manufacturer typically ~15°) and E* is the relative Young’s Modulus which is given

by(Sneddon, 1965):

i _ 1- :utip2

E* E, E

tip sample

2
n 1_lusample ~ 1- luz
E

sample

Equation 2.1-15
where (Etjp >> Esample)

Forcing a tip into an elastic surface can cause compression of the material underneath the
tip. The contact area between the tip and the compressible surface increases with
indentation. Sneddon’s formula makes one assumption and that is the indented sample
adopts the shape of the tip, in this case a cone with an angle 2a (there are other formulas
for other tip shapes (Watson, 2001)). It also assumes that the surface is perfectly flat and

does not take into account surface energies.

Another obvious difference between the curves for a hard surface and for an elastic surface
is the size of the adhesion force. When the tip is being pulled away from the surface, the
adhesion force may cause the surface to be pulled away with the tip. Hence there seems to

be a larger adhesion force.

2.1.6 CAPILLARY FORCE

Due to condensation, water capillary bridges can form on contacting surfaces between an
AFM tip and a sample. The small space between the tip and the sample surfaces is an area
of high adsorption capability because of the overlapping adsorption potentials (Nevshupa et
al., 2002, Wei and Zhao, 2007). Capillary force between the AFM tip and the sample surface,
which can be as small as 4 nm in radius (Sedin and Rowlen, 2000), is partly responsible for

the adhesion between the two surfaces.

The capillary bridge volume grows with the increase of relative humidity (RH) and contact

time between the AFM tip and the sample, thus causing the capillary force to vary. The
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capillary force does not necessary increase with increasing capillary volume but rather the
force increases with the meniscus area and the pressure difference. However the pressure

difference will decrease as a result of the capillary volume expansion.

The van der Waal forces (F,qw) are the dominant adhesion force in cases when the capillary
bridge does not exist. At very low RH, prior to the capillary formation, F,qw can be more than
5 times greater than capillary force (Xiao and Qian, 2000). At certain RH values the adhesion
on hydrophobic samples may be humidity-independent as there is maybe no meniscus
formation between an AFM tip and the hydrophobic sample (Xiao and Qian, 2000). Humidity

also has a negligible effect on the cantilever spring constant (Thundat et al., 1994)

Capillary adhesion can be eliminated by conducting measurements in a liquid environment
(Ducker et al., 1991, Frisbie et al., 1994, McKendry et al., 1998, Williams et al., 1996).
However the solvent will affect the adhesive force (Fstw) through solvation and solvent

exclusion (Sinniah et al., 1996).

retractive curve hard surface
approach curve hard surface

Indentation

o6 =Qo MM

approah curve soft surface

i int of contact
retractive curve soft surface point of

Distance

Figure 2.1-11. F-D curve on a soft PDMS surface (red) calibrated against an F-D curve on a
hard surface (orange) to show the amount of indentation at a particular force.
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2.2 WETTABILITY

2.2.1 HYDROPHILICITY, HYDROPHOBICITY AND SELF-CLEANING

Hydrophilicity and hydrophobicity in simple terms means water loving and fearing,
respectively. These two terms are usually used to describe the characteristics of solid
surfaces. Water molecules have a dipole moment of 1.85 Debye and forms hydrogen bonds
with other water molecules. The high cohesion between water molecules gives water a
strong surface tension, a force that acts to reduce the surface area of free liquid as

molecules at the liquid surface are in an energetically unfavourable state.

The terms hydrophilicity and hydrophobicity are sometimes also applied to the contact of a
solid surface with other liquids. For a small drop of liquid (< 100 uL where gravitational
effect can be neglected) the contact angle (CA) is the angle at which a liquid/vapour
interface meets the solid surface. A drop of water that shows a CA greater than 90° on a
surface means that its cohesion is stronger than adhesion and hence the surface is
hydrophobic. The opposite is true for a hydrophilic surface where the CA is less than 90°.

Hence the CA can represent the ‘wettability’ of a liquid on a solid surface.

Young’s equation relates the CA to surface energies of the liquid and solid surfaces (s). The
interfacial tension between solid and vapour (%) and liquid and vapour (yy) are also

involved as described in:

c0s(4,) = (Ysv — Ys)

Tov
Equation 2.2-1
Where 6, is the static CA formed with a smooth surface.

Hydrophobic surfaces are desirable in liquid flow applications whereas the hydrophilicity of

surfaces should be enhanced in adhesive surfaces. Both surface properties can be enhanced
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by introducing surface roughness (Section 2.2.3 for further details). Superhydrophilic (CA
<~30°) and superhydrophobic (CA >~150°) surfaces could both be considered self-cleaning

surfaces.

Superhydrophilic surfaces enhance the ability of water droplets to spread over large areas.
Droplets will combine to cover the whole surface and eventually run off the edge dragging
the rest of its volume with it through cohesion. Superhydrophilic surfaces are usually
created by altering surface chemistry and can be structurally enhanced (Section 2.2.3.1).
Titanium dioxide films, which are commonly found on antifogging glass sheets and mirrors,
contain a layer of OH groups on the surface (after UV irradiation) making the surface tension

almost the same as water and a CA of virtually 0°.

Unlike superhydrophilic surfaces, water rolls off superhydrophobic surfaces when there is
only a small inclination or movement. Natural self-cleaning surfaces can be found on wings
of insects (Chapter 4) which rely heavily on clean wings for survival and leaves of plants

which live in muddy or dusty habitats.

Micro/nanoscale roughness plays an important role in superhydrophobicity (Section
2.2.3.2). Surface structures that hold up a droplet on their peaks are small so that they are
not become a significant physical barrier to the droplets” movement across the surface. The
area of the surface interacting with the droplet is reduced and thus results in a smaller
apparent value of y5 than it otherwise would have been on the same surface without the

roughness. Roughness is essential in all superhydrophobic surfaces.

2.2.2 CONTACT ANGLE AND CONTACT ANGLE HYSTERESIS

Young’s Equation (Equation 2.2-1) is a theoretical approach to finding CAs for ideal liquid
and solid surfaces. Due to derivations of surfaces from ideal conditions (defects and
inhomogeneous roughness and chemistry) there exists a spectrum of CAs ranging from the

receding angle up to the advancing angle.

For a drop of liquid on a surface, the advancing angle () is the maximum CA obtainable by

tilting the surface or by increasing the droplet volume. Likewise, the receding angle (&) is

29



the minimum CA obtainable by tilting the surface or by decreasing the droplet volume
(Figure 2.2.1). The difference between the two angles is called the contact angle hysteresis
(CAH), which exists because the imperfections on a surface resist the movement of the
contact line, and is defined as:

CAH = 6

a

-0

r

Equation 2.2-2

The force required to move a droplet along the surface plane is approximated by (Gao and

McCarthy, 2006b):

Force ~ y,, (cosé. —cosé,)

Equation 2.2-3

Figure 2.2-1. The advancing (8,) and receding (6,) angles of a droplet on a tilted surface.

Contact angle hysteresis indicates a resistance to the motion of the droplet which may be
contributed to by the nanoscale roughness or sharp edges (Section 2.2.3.3). When droplets
roll, it is very likely that they move similar to tank tread at the front while sliding at the
backend (Gao and McCarthy, 2006a). Unless CAH = 0, droplet shape changes when droplets
move (from ground state shape and back and forth to transition state shape). Both the CA

and CAH indicate how much surface energy there is between the surface of the liquid drop
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and the solid plane and hence the adhesion, or the mobility, of the droplet on the solid

surface.

2.2.3 WENZEL AND CASSIE-BAXTER MODELS

2.2.3.1 WENZEL MODEL

While Young’s equation was useful to find the CA of a liquid on an ideal smooth surface, in
1936 Wenzel (Wenzel, 1936) modified the equation under the condition of taking into
account the effect of uniform surface roughness (Figure 2.2.2). He stated that the solid area
under the liquid has a different superficial energy compared to a dry surface. The superficial
energy of the wetted area is lowered if the surface is hydrophilic. For an increase in the
geometric surface of the wetted area, the actual surface wetted is larger if the surface is
rough. Consequently, there is a greater decrease of net energy. Same reasoning applies for a
hydrophobic surface where the (completely wetted) area under the droplet has a higher
superficial energy. More surface area involved for a roughened surface results in a greater
increase of net energy. Hence Wenzel modified the Young’s equation by multiplying a

roughness factor r given by:

_actual _surface  COSOyg qimace  COSE,
geometric _surface cosé, cos 4,

smooth _surface

Equation 2.2-4

where 6y is the CA of a droplet in the Wenzel regime. This implies that cos@, increases by
the same factor as roughness increases the surface area (for a smooth surface, r = 1). This
equation can not be applied for a large r where complete wetting can not be achieved (but
be a composite regime, Section 2.2.3.2) or roughness asperity dimension becomes large

enough to physically affect the droplet.
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Figure 2.2-2. Droplet in the Wenzel regime.

2.2.3.2 CASSIE-BAXTER (C-B) MODEL

In another experiment, Lee (Lee, 1938) attempted to wet rough surfaces of limestone
underwater with road tar. Immersed in water, the rough surfaces could not be wetted with
road tar, while highly polished limestone surfaces were wetted easily. The explanation for
this was because water had already occupied the minute crevices of the rough surface. Too
much energy was required to replace the limestone-water interface by a limestone-tar

interface.

While the Wenzel regime amplifies the surface wettability, the solid-liquid contact area is
reduced in the Cassie-Baxter (C-B) regime. In hydrophobic porous surfaces, the protrusions
can sometimes trap air and only allow the surface to be partially wetted (Figure 2.2-3). This
means the droplet on the surface has two CAs. The apparent angle in the C-B regime (6&;)
therefore is expressed as the sum of the contributions from the two CAs; 6, (the CA on f;)

and &, (the CA on fg;,):
cosd. = f,cosg, + f . cosd,,

Equation 2.2-5

where f; is the surface area fraction of the solid substrate touching the droplet and f,; is the
remainder of the surface area fraction underneath the droplet (not in contact with the solid

substrate) and f; + fui = 1. As 6,;, = 180° due to having no contact with the solid surface:

cosd, = f,cos@, — f

r

Equation 2.2-6
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In the case where the solid in contact with the droplet also has a significant secondary

roughness and contacts the water in a Wenzel regime, the equation is modified to become:

cos@. =rf cosg, + f, -1
Equation 2.2-7

where r is the roughness factor defined by the solid-liquid area to its projection on a flat

plane (the roughness factor of the wetted area).

Figure 2.2-3. Droplet in the Cassie-Baxter regime.

Retaining a large solid-air fraction on surfaces is essential for self-cleaning surfaces. These
composite surfaces are not completely wetted by water droplets as air remains amongst the
structures underneath the droplet. Droplets in the C-B regime show high contact angles and
low contact angle hysteresis and are easily mobile. The highest CA with lowest CAH are
achieved with hexagonally packed cylindrical pillars with rounded tops (Nosonovsky and
Bhushan, 2005). Surfaces with hierarchical structuring however, where the roughness

features are also covered with secondary features, promote higher self-cleaning efficiencies.

Composite regime usually only occurs with surfaces with a hydrophobic chemistry,
otherwise it would be more favourable for the liquid interface to drop down to the bottom
of the asperities. However Herminghaus (Herminghaus, 2000) believed that indentation on
hydrophilic surfaces can support droplets in the composite regime as long as there are

overhangs on the side of the indentations (Section 2.2.3.3). Quéré (Quéré, 2004) and
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Lafuma and Quéré (Lafuma and Quéré, 2003) have also observed composite regimes on

hydrophilic materials.

2.2.3.3 STABILITY IN THE C-B REGIME

On surfaces where both wetting regimes can be achieved, transition between C-B and
Wenzel states can occur via experiencing external forces. When smoothly deposited on
rough surfaces, droplets could temporarily reside in a metastable composite state even
though the wetted regime is the configuration with the absolute minimum energy. To
transit down to the Wenzel state the drop needs to overcome an energy barrier to fill in

between the surface asperities. A large energy barrier indicates a more stable C-B drop.

The C-B state is favoured if cosé, is smaller than coséy, Equation 2.2-8 is derived by

equating the C-B (Equation 2.2-6) and Wenzel (Equation 2.2-4) equations,

C0s 6, =

Equation 2.2-8
This situation is sometimes found on rough structures with a pitch spacing of less than 5pum.

The contact angle of a droplet on a sharp edge can vary between the values corresponding
to the contact with the horizontal and inclined surface. This gives rise to contact angle
hysteresis which increases with the sharpness of the edge. Some nanostructures on
hierarchical surfaces may pin the contact line to resist the advancement of the droplet
towards the bottom of the surface and hence stabilizes the droplet in the C-B regime.
However, it may also be unfavourable as it acts as sharp structures that may contribute to
the contact angle hysteresis of the surface and hence reduces droplet mobility and the
effectiveness of self-cleaning. This trade-off between droplet mobility and stability (Bush et

al., 2007) (Chapter 7) can be reduced using a hierarchical scale of surface structures.

Another way to reduce the likelihood of droplets sinking to the bottom of the surface

asperities without pinning the contact line is to have structures with convex sidewalls. The
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droplet’s energy will reach a stable equilibrium when the meniscus (at the bottom of the
droplet) is in line with the thickest part of the structures. Advancing past this equilibrium
point requires a decrease in contact angle (in order to maintain a constant meniscus radius
or curvature) which will require external energy input. The droplet contact line is also less
likely to advance towards the substrate base as the liquid-air interface at the bottom of the

droplet would have to expand against the droplet surface tension (Liu and Lange, 2006).

In nature, microstructures with convex sides are found on plant surfaces such as
Liriodendron chinense (Wagner et al., 2003) (which also has nanostructure due to wax

coverings) and insect cuticles such as the Gudanga sp. cicada wing (Chapter 4).

2.2.3.4 APPLICABILITY OF WENZEL AND CASSIE-BAXTER MODELS

Apart from the requirement that the effects of gravity and line tension contributions need
to be negligible, many reports have discussed other applications of the Wenzel and C-B
equations, for example (Anantharaju et al., 2007, Gao and McCarthy, 2007b, Gao and
McCarthy, 2007a, McHale, 2007, Nosonovsky, 2007b, Panchagnula and Vedantam, 2007,
Extrand, 2003). Both Equations 2.2-4 and 2.2-5 are related to the Young’s Equation
(Equation 2.2-1) which is related to the surface energies of the three phases. Thus the

surfaces that are applicable require:

- Consistent roughness throughout the surface (Extrand, 2003, Gao and McCarthy,
2007b, Gao and McCarthy, 2007a, McHale, 2007, Nosonovsky, 2007b, Panchagnula
and Vedantam, 2007, Anantharaju et al., 2007) and the surfaces apart from the main
substrate roughness are considered atomically flat (Barbieri et al., 2007)

- Roughness dimensions to be small compared to the drop sizes (Anantharaju et al.,
2007, Nosonovsky, 2007b) or the capillary length (273 um for water). Normally 2~3
magnitudes smaller (Brandon et al., 2003) and where the volume of liquid within the
asperities can be neglected (Barbieri et al., 2007)

- Roughness has a positive sign of curvature (i.e. roughness that are protrusions and

not indentations) (Anantharaju et al.,, 2007, Nosonovsky, 2007a, Nosonovsky and
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Bhushan, 2007, Sun et al.,, 2005) and the side of the roughness features are not

concaving (for Cassie-Baxter regime).

For surfaces that do not satisfy the requirements above, the Wenzel and C-B equations need
to be re-interpreted to take local values under the droplet perimeter (Gao and McCarthy,
2007b, Gao and McCarthy, 2007a, McHale, 2007, Nosonovsky, 2007b, Panchagnula and
Vedantam, 2007).

2.3 FUNCTIONAL STRUCTURED SURFACES

Functions of a surface can be created or improved by tailoring its morphology. Since
Wenzel’s publication on the wettability of textile fabrics and the resistance of solid surfaces
to wetting by water (Wenzel, 1936), altering surface energies with surface roughness has
been widely researched. Roughness induced low energy surfaces have been widely applied
in micro and nano-electro-mechanical systems. As devices become smaller, their
components start to encounter more problems associated with surface effects such as
surface adhesion and friction leading to device malfunction and difficulty in production (Tas

et al., 1996).

Together with the manipulation of surface chemistry, advances in surface lithography allow
for manipulation of surface geometry on the sub-microscale and most likely beyond the
nanoscale in the future. Amongst the several structure patterning techniques are
photolithography (Stratakis et al.), templated electrochemical deposition (Bartlett et al.,
2002), plasma treatments (Woodward et al., 2003), electron-beam lithography (Martines et
al.,, 2005), selective growth of carbon nanotubes(Lau et al., 2003) and Atomic Force
Microscopy (Watson et al., 2006b). Surfaces with remarkable capabilities are the end result
and they include (Stratakis et al.) mechanical, self-cleaning, optical, adhesive, actuation,
sensing, and responsive capabilities (Woodward et al., 2003). Tailoring functions to the
surface of ordinary materials diversifies their potential applications in areas including
biosensors, corrosion protection, semiconductor processing, biofouling, tissue engineering
and biomaterials technology (Watson et al., 2006b).
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2.3.1 FUNCTIONAL STRUCTURED SURFACES ON INSECTS

Insects have employed micro/nanostructures on their cuticles, especially their wings, for
millennia, which serve extraordinary functions. Developed through evolution the surface
asperities reduce the insect cuticle adhesiveness beyond many man-made flat surfaces and
greatly enhance the insect’s survival in harsh environments. It also helps them to escape
from accidental contact with water or sticky surfaces (e.g., spider webs). As well as reducing
surface adhesion, the surface structures, depending on their dimensions and shapes, can
also aid in other functions. These include camouflage (colour patterns or anti-reflection)
(Gorb et al., 2000, Tada et al., 1998, Vincent, 2009), thermal regulation (Gorb et al., 2000),
communication (Tada et al., 1998, Gorb et al., 2000) and friction/wear reduction (Vincent,
2009). Surfaces with low adhesion to water droplets resulting in a self-cleaning function are
common amongst many of these insect cuticles. Apart from reducing surface energies other
‘technologies’ from insect cuticles could potentially be incorporated onto/into a range of
products including textiles for a multitude of purposes (Eadie and Ghosh, 2011, Gao and

McCarthy, 2006b, Sun et al., 2006, Vincent, 2008, Vincent, 2009).

It may be possible in the near future to combine various insect cuticle structuring and create
a single surface with multiple desired functions. Specific functions could also be enhanced
by altering the surface structure shapes and dimensions. In this section a brief description is
presented of a few of the attributes found on insect species that could extend the potential

applications of man-made surfaces/devices.

2.3.2 LOW ADHESION AND SELF-CLEANIG SURFACES

To maintain sufficient mobility and high functional efficiency of their wings, many insects
(particular those with a high ratio of wing surface area-to-body mass (SM)) have the ability
to reduce/remove surface contamination. Altering chemistry to further reduce surface

adhesion may have reached an evolutionary stage where it is more difficult than employing
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micro/nano scale surface roughness which reduces the contact adhesion between

component surfaces.

The micro/nano-scale asperities on insect cuticles lower the surface adhesiveness by
reducing contact area with foreign contacting surfaces. Solid and liquid particles will roll or
fall off the low adhesive surface at slight inclinations. Water drops are restricted from
entering the small spacings between the surface structures (Figure 2.2-3) and results in a
higher apparent contact angle &.. A good approximation for this wetting behaviour is given
by the C-B expression (Equation 2.2-5) where droplets in the C-B regime show a high contact
angle and low CAH indicating that it has low attraction to the surface as required on self-

cleaning surfaces.

The surface roughness of the wing may allow insects to shed water off their wings quickly
reducing the flying weight of the insect. Moreover droplets will also pick up contaminant

particles along the way hence produce a self-cleaning effect.

Thus adoption of similar chemistry and topography to micro/nano scale cuticle structuring
may lead to low energy surfaces with self-cleaning properties. The micro/nano-structures
are not limited to sophisticated technological devices. Applying self-cleaning structures on
everyday surfaces like windows, cars and bathroom tiles may help reduce maintenance and

extend material lifetimes (Barthlott and Neinhuis, 1997, Vincent, 2009).

2.3.2.1 ANTIBACTERIAL SURFACES

Recently it has been shown that structuring found on wings can be anti-bacterial and result
in bacterial death within only a few minutes of contact. For example two recent studies
have shown that the cicada Psaltoda claripennis and dragonfly Diplacodes bipunctata
structuring can kill gram-negative bacteria (Hasan et al., 2013, lvanova et al., 2013, Pogodin
et al., 2013, Ivanova et al., 2012b). In the case of the dragonfly gram-positive bacteria are
also killed (lvanova et al., 2013). A recent study by Ivanova et al.(lvanova et al., 2012b) on
the bactericidal effect on the wings show the cellular components of Pseudomonas

aeruginosa spreading down in-between the nanopillars after as little as three minutes upon
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contact. When an AFM cantilever tip was brought into contact with a bacterial cell without
applying a loading force, the rupture of the cell movement of the cell could be monitored
and cell rupture indicated by a sudden short displacement (~200 nm as monitored by piezo
movement of the AFM) into the contacting wing surface. The effect remained after coating
the wing surface with 10 nm of gold suggesting that the original surface chemistry is not

required for the bactericidal effect.

The common approach in fabricating antimicrobial surfaces to combat infectious diseases is
to functionalize or coat the surface with substances lethal to the target organisms (Hsu and
Klibanov, 2010, Ivanova et al.,, 2011, Murata et al., 2007, Schaer et al., 2012). This
alternative antibacterial method does not contribute to the antibiotic resistance emerging
amongst pathogenic bacteria which is a concern in conventional antibiotic treatments

(lvanova et al., 2012b).

2.3.3 WATERPROOFING HAIRS

Setae (hairs) on many insect cuticles (lacewing (Watson et al., 2010b), termite (Watson et
al., 2010a) and water strider (Watson et al., 2010 )) have been shown to prevent wetting to
the underlying membrane cuticle by holding drops on their tips (Figure 2.3-1). Dense hairs
found on the legs of water striders can withstand high hydrodynamic pressure experienced
during leg strokes while traversing across the water surface (Bush et al., 2007). Water drops
with kinetic energy falling onto the wing surface of the lacewing can be repelled away with
the aid of the hairs which act as a layer of microsprings and resist penetration and dispersal
of drops. The drops can partially wet the membrane surface below and collect contaminants
in the wetted region. These types of setae have potential applications as liquid-stain-

proofing for textiles such as clothes and carpets.
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Figure 2.3-1. Optical microscope
image of microdroplets of water
from a mist sprayer supported
by hairs on the lacewing
Nymphes myrmeleonides.

2.3.4 INSECT OPTICAL PROPERTIES

Ordered hexagonally packed structures with a spacing and height of ca. 200 nm are found
on the surfaces of moth eyes (Watson and Watson, 2004) and the transparent wing
membranes of a number of cicada species (e.g., Tamasa tristigma, Macrotristria angularis,
Thopha saccata Psaltoda claripennis, and Cicadetta oldfieldi) (Sun et al., 2009, Watson et al.,
2008c, Watson and Watson, 2004, Watson et al., 2008a) (Figure 2.3-2). The surface can be
thought of as a homogeneous surface with a smooth transitional increase in refractive index
to improve transmittance and lower reflectance (Watson and Watson, 2004) of light and
improving camouflage. Manipulative scanning with the AFM at a high loading force scrapes
off the structure apex and deteriorates the optical properties depending on the amount
removed (Watson et al., 2008c). These anti-reflective surfaces can be easily replicated on
polymers such as PDMS (Watson et al., 2008c) and may find applications for other
transparent surfaces where low contamination and high light transmission is desired such as
display monitors and shop windows. A 10% increase in energy capturing of solar panels with
these nanostructured materials has been reported (Parker and Townley, 2007, Vincent,

2009).
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Figure 2.3-2. Atomic Force
Microscope generated 3-D image
of a cicada wing array.

Many butterflies and moths (Lepidoptera) possess a structuring on their wings comprised of
many scales organized in a tile-like arrangement. The colour of the butterfly is enhanced
due to the arrangement of the surface asperities of the scale (Vukusic et al., 2004, Vukusic
and Sambles, 2003). Depending on the scale size, curvature and arrangements, these insect
wings can display a range of optical functions such as iridescence and/or selective
wavelength absorption/reflection which serves the purpose of camouflage, signalling, and

thermoregulation (Tada et al., 1998).

Scale alignments that absorb light can be mimicked to produce a solar thermal collecting
surface to be applied on winter clothes and outdoor surfaces where heat absorption and
self-cleaning functions are desired. The iridescence of the butterfly may also function as a
distracting camouflage to avoid predation while in flight (Tada et al., 1998). The technology

could be also utilised to discourage animals such as on crop fields or airports.

Reflecting a specific range of wavelength of light using their wings as a form of
communication is common amongst butterflies (Tada et al., 1998) and dragonflies (Gorb et
al., 2000). This technology has potential for ultra-violet reflective glass to prevent harmful
UV passing through windows of cars and buildings. Physical colouration of textiles using
surface structures to scatter, diffract or create interference has been reported (Vincent,

2009, Vukusic and Sambles, 2003) and commercially produced (Eadie and Ghosh, 2011).
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2.3.5 WEIGHT AND MATERIAL MINIMISATION

Some insects present surface asperities designed to minimise weight and material usage (Hu
et al., 2011a, Watson et al., 2010a, Watson et al., 2010b). Insect surfaces like butterfly and
moth wings show hierarchical structuring where the surfaces of the primary structure
(scales) are also covered with asperities (holes and crisscrossing ridges). As well as further
reducing the solid-liquid contact area, weight and material of the energetically expensive
chitin (the basic material make-up of many insect cuticles) (Watson and Watson, 2004) are

reduced.

In the case of some termite species (e.g., Microcerotermes sp) the wings present
microstructuring in the form of small clusters (called micrasters) (Figure 2.3-3). These
structures serve as an anti-wetting protection layer and have an open form of structuring to
minimise weight and material. If this form of structuring was not of an open arrangement
but of a solid architecture then the wings would become five times heavier (Watson et al.,

2010a) and excess weight may inhibit the ability to fly.
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Figure 2.3-3. SEM images of termite wing membrane surface showing star-shaped
micrasters and a hair.
Various grooves (Figure 2.3-4) on setae of many insects may possibly enhance the stiffness
and promote direct wetting (Hu et al., 2011a, Andersen and Cheng, 2005). Hydrophobicity is
greatly reduced when the surface grooves are eliminated (Hu et al., 2011a, Watson et al.,
2010 , Watson et al., 2010a, Watson et al., 2010b, Ivanova et al., 2012a). In the case of
various termite species (e.g., Nasutitermes sp.), the grooves on the hairs may reduce the

weight of each hair by as much as 10%.
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Figure 2.3-4. SEM image of the hair of
lacewing showing surface grooves
and ultra-fine channels at about 45°
that meet at the top and bottom of
the larger grooves.

Protrusions on some cicada wings due to their shape (e.g., Gudanga sp. (Chapter 4) have a
small region of attachment at the base (Figure 2.3-5) allowing a larger air pocket and giving
additional air pressure that may help to repel falling drops off the surface. The narrower

base reduces the volume of each protrusion by more than 30% (Watson et al., 2011c).

Figure 2.3-5. SEM image of the side

view of the cicada wing of Gudanga

sp. showing the thinner base of the
surface structures.
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2.3.6 INTRODUCING MULTIFUNCTIONALITY ONTO ONE SURFACE

Many of the ‘free technologies’ found on insect cuticles have intriguing functions.
Functional-efficiencies of man-made surfaces are improving as surface replication,
manipulation, and lithographic techniques improve. At the present time the main
application of surface roughness is to reduce surface adhesion and friction. In the near
future, these man-made surfaces could possibly start to be implemented with a variety and
mixture of multi-functional surface structures to further improve man-made

technologies/devices.

It may be possible to create surfaces with multiple micro and nano shapes as an alternative
path to accommodate more functions onto one surface. Some insects incorporate varied
chemistry and/or cuticle architecture for this purpose. For example desert beetles have
alternating hydrophobic and hydrophilic regions on their elytron (hard protective forewing)
which they use to collect drinking water from the early morning fog (Parker and Lawrence,
2001). Wing setae on many insect wings which may contribute to aerodynamic factors
(Perez-Goodwyn, 2009) also have superhydrophobic structures to further reduce wetting at

different length scales (Watson et al., 2010a).

The idea of combining various bulk material properties (thermal, optical, mechanical) into a
hybrid material is not uncommon (Vincent, 2008, Ashby and Brechet, 2003, Eadie and
Ghosh, 2011, Vincent, 2009). By understanding the relationship between the shape of
surface structures and their functional mechanisms, it may become a future trend in man-
made technologies to introduce new and multiple functions onto a surface. This can be
achieved by adding new layers of structuring amongst pre-existing architectures. For
instance combining the water collecting technology of the desert beetle with anisotropic
wetting arrangements (e.g., scales on the butterflies (Zheng et al, 2007) or
micro/nanogrooves (Andersen and Cheng, 2005, Hu et al., 2011a, Zhang and Low, 2007,
Chung et al., 2007)) to direct the collected moisture to the desired location may result in
faster water collection and reduce water loss. Implementing flat surface roughness on the
hydrophilic regions increases the area of the seeding points for water adsorption and may

increase the water collecting efficiency. Adopting hierarchical arrangements on the surfaces
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such that one structure covers another could improve functional efficiency of the surface

and may reduce the functional interferences.

2.4 CHAPTER SUMMARY

Versatilely used throughout this thesis, the Atomic Force Microscope with its unique
imaging method of using a probe to interact with sample surfaces allows other surface
properties such as adhesive forces, frictional forces and material spring constants to be
determined as well as surface manipulation. Interaction with the sample surface is probed
at the free end of a cantilever. The choice of the cantilevers’ shape and surface chemistry
depends on the purpose and the surface being scanned and the magnitude of the
interacting forces. Deflection of the cantilever due to any changes in topography height,
surface adhesion and friction is monitored by the laser and PSPD before the topographical

image or surface force map/curve is produced by the software.

The wetting or contact angle of the surface corresponds to the energy of the surface which
can be reduced by micro/nanoscale surface structures and can be predicted by Wenzel and
Cassie-Baxter equations. Many natural surfaces contain surface structures that alter the
surface properties including optical and surface adhesiveness. Self-cleaning and anti-

bacterial functions are common on cuticles of insects with large super-hydrophobic wings.
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3 EXPERIMENTAL BACKGROUND

3.1 ATOMIC FORCE MICROSCOPY

Three AFMs were used throughout this work, the Thermo-Microscope TMX 2000
Discoverer, Explorer and the JEOL JSPM-4200. The Discoverer and Explorer were operated
using software TopoMetrix SPMLab (version 3.06.06). Both the Discoverer and the Explorer
have 130 X 130 - m? tripod air and liquid scanners with a z-range of 9.7 + m and moves
the stage/sample and the tip respectively. The whole instrument is supported on a vibration
isolation air cushion table. A stepper motor drives the stage of the Discoverer in the x-y
direction allowing easy movement of the sample under the tip during operation. All

operations under liquid environments are conducted using the Explorer.

The JEOL JSPM-4200 is operated by the software WINSPM Application (version 4.05). The
tube scanner of the JEOL located beneath the stage has a maximum scan range of 85 x 85
um” and a maximum of 3 pum in the z-direction. There is another piezoelectric crystal that
drives the vibration of the cantilever allowing the resonant frequency to be found. The

instrument also has a vibration isolation air cushion filled with compressed air.

3.1.1 INSECT SAMPLE INVESTIGATIONS USING THE ATOMIC FORCE MICROSCOPE

Fresh insect wings were surgically separated from the insect body by scalpel. The forewings
were cut into smaller sections (3 X 5 mm?) and attached by adhesive tape, or by an epoxy

resin, to AFM mounted stubs.

Investigations were carried out with a ThermoMicroscope TMX-2000 Explorer/Discoverer.
Scanners were calibrated on calibration grids that are 4 X 2 um with 1 um spacing between
them. The analyses were carried out under air-ambient conditions (temperature of 23-25°C
and 65-75% RH) and thus the contributing force of attraction is from capillary forces from

the surfaces (Blach et al., 2004).
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‘Beam-shaped’ probes (NT-MDT Ultrasharp) were used throughout the study. Typical
parameters, as reported by the manufacturer, included: Normal force constant, ky, of 0.03
to 4.5 Nm™, integrated probe and conical tip shape with cone angle < 20° radius of
curvature of the tip < 10 nm; and tip height of 17.5 um. The actual tip parameters such as
the normal force constant was determined by using resonance methods, and the torsional
force constant was calculated from the expression for a long and thin lever (Cleveland et al.,

1993).

3.1.2 FORCE DISTANCE ADHESION AND FRICTION WITH CONTAMINANTS OF
VARIOUS CHEMISTRIES AND SIZES

The adhesion and friction properties have been measured on the selected insect species
based on the hypothesis that contamination and wettability of wings are related to insect
habit and/or SM values (Figure 3.1-2). Four different sized particles (three with hydrophilic
chemistries) have been used to measure adhesion on the insect wing membranes. The
dimensional and chemical differences (Table 3.1-1) were chosen to mimic contact conditions

of particles which could potentially contaminate the structured insect cuticle surfaces.
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Figure 3.1-1. Insects selected for this work based on their SM and habits (A) Glenoleon
pulchellus (B) Cicadetta oldfieldi (C) Psaltoda claripennis (D) Rhyothemis phyllis chloe.
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Table 3.1-1. Dimensional parameters with standard errors of the artificial particles used
for adhesion measurements. The values are averaged for 5 particles per particle type (35
in total).

NDT Silica 0.028 (0.006) -
Bangs Laboratories
Silica 4.53 (0.05) 2.3(0.2)
Cat no. SSO5N
Microspheres-
Nanospheres Company Silica 30.16 (0.17) 6.5 (0.3)
Cat no. 147152-10
Nova-Pak® Cg
Cis 4.15 (0.06) 13.5(2)
Cat. No WATO015220

Table 3.1-2. Dimensional parameters with standard errors of the pollen particles used for
adhesion measurements. The values are averaged for 5 particles per particle type (35 in
total).

Pimelea linifolia 0.397 (0.128) 0.225 0.32 (0.022) 2.11 Furrows’
ssp 0.5(0.074) 0.047 2.4 (0.45) 4.61 Flat furrows
Grevillea 0.66 (0.17) 0.79 0.99 (0.28) 1.13 Furrows
‘Red Sunset’ - 1 0.355(0.117) 1 Pores”
Frame shaped
0.67 (0.19) 0.007 10.4 (1.56) 11.8
furrow
Outer frame
- - 2.47(0.25) -
Acacia fimbriata furrow
Golden wattle inner frame
- - 5.75 (1.11) -
furrow
- - 0.63 (0.1) - Grooves
0.18 (0.08) 1 0.55(0.10) 1 Furrows

*Furrows — elongated/protruding structures on the pollen walls.



**Pores — holes/valleys in the pollen walls.

As well, natural particles (3 different pollens) were also interacted on the surfaces. Figure
3.1-3 shows SEM images of both the orientation of the particles used for adhesion
measurements and their surface topographies (pollens and ca. 30 um diameter silica beads).
The pollens were chosen based on the 3 distinct topographies with various levels of
roughness. As shown in Figure 3.1-3(A) the spherical Pimelea linifolia ssp. pollen will present
one to several asperities with the insect cuticles upon contact. The pyramidal shaped
Grevillea “Red Sunset” pollen (Figure 3.1-3(B)) demonstrated a homogeneous surface
topography/roughness on all sides comprising of small holes and bumps. The Acacia
fimbriata (Golden wattle) pollen (Figure 3.1-3(C)) demonstrated a patterned surface with

two distinct levels of roughness.
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Figure 3.1-2. SEM images showing the orientation of the four types of contaminating
particulates attached to AFM levers. (A) Pimelea linifolia ssp., (B) Grevillea ‘Red Sunset’,
(C) Acacia fimbriata, and (D) 30 um diameter silica bead.

The outer layer of the pollen grains comprises carboxylic acids cross-linked with saturated
and unsaturated aliphatic chains with varying amounts of aromatics resulting in a
hydrophobic surface (Thio et al.,, 2009). The dimensional parameters of the pollens are
shown in Table 3.1-1. Figure 3.1-4 shows higher resolution SEM images of the three pollen
surfaces used. The surface features of the artificial contaminants (Figure 3.1-3(D)) were
analysed (e.g., surface roughness) using delta-like shaped projections (4 X 2 um calibration

grids with 1 um spacing). An example is shown in Figure 3.1-5.
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Figure 3.1-3. SEM images of the finer surface features of the three pollen surfaces used.

(A) Pimelea linifolia ssp., (B) Gravillea ‘Red Sunset’ and (C) Acacia fimbriata.
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Figure 3.1-4. AFM images of a silica bead, revealing the finer surface structures. (A) A
topographical image, (B) a 3-D representation, and (C) an artificially shaded and levelled 3-
D image showing the fine surface features. The imaging was performed with the bead
attached to a lever and scanned over a calibration grid, i.e., reverse imaging.

F-D curves were acquired at rates of translation in the z-direction in the range of 5—10 ums’
! Each f-d curve consisted of 600 data points. The attachment procedure for particle (and
hair) adhesion has been utilised in Section 3.1.3. Only particles that were attached directly
underneath the cantilever (which can be seen under an optical microscope) were used for
experiments. For a 350 + m long cantilever, as an effective length of only 340 + m reduces

the measured force by ~9%.

Twenty five measurements per particle size (micro particle or nano tip)-substrate
combination were acquired. A total of 5 particles were attached to cantilevers for each

particle type (e.g., five silica beads of ~4.5 um in diameter were used for adhesion
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measurements each yielding 25 measurements). Only pollen grains which exhibited the
same orientation upon fixing to a lever were used for adhesion measurements. The F-D
curves were analysed using the TopoMetrix analysis software package (TopoMetrix SPMLab,
v4.0). The values were then entered into the software of SigmaPlot 10.0 whereby standard

error values were obtained and presented as error bars.

Adhesion was measured under the conditions of the two surfaces coming into contact with
no applied loading force, that is, adhesion represented the force of attraction that the
particle-cuticle would experience where deformation of structures is minimised (length of
line CD on Figure 2.1-8 is minimised) (Figure 3.1-6) and where the main contributing force

involved is simply that of the adhesion of the particle to the surface.

(A) 1) ——

N

oo T

—— approach line  ZDisplacement

— etract line

Figure 3.1-5. (A) Force distance curve representing the tip at the point of contact with the
surface (highlighted with a circle) with a very low indentation force. (B) The surface
indenting tip is driven into the surface with a predetermined load hence the longer line
(framed in the dotted rectangle) corresponding to sections C-D and D-E of the generic F-D
curve shown in Figure 2.1-8.

Two relevant parameters, namely radius of curvature and nano-scale roughness for AFM

tip/microsphere, were determined quantitatively by SEM and reverse imaging on sharp
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spiky projections (manufactured by NT-MDT) (Section 2.1.1.1). The latter technique affords
rapid and convenient topographical characterization of a microsphere attached to an AFM
probe. Individual AFM tips were characterised by reverse imaging on a spiky biological array

(cicada wing species Cicadetta oldfieldi).

Frictional forces were measured using friction loops (Section 2.1.3.1). Analysis was carried
out by monitoring the torsional deformation of the lever during forward and reverse line
scans 20 um in length. The linear scan speed was 5 Hz. Friction measurements were carried
out at the adhesional force loading (i.e., at a loading force which represented the adhesional

force of contact between the wing membrane and the spherical particle).

500 um |

Figure 3.1-6. To avoid meniscus attraction to the hydrophilic lever, the hair was brought
into contact to the Milli-Q water droplet from the side of the droplet roughly 500 - m

from the top.

3.1.3 HAIR ATTACHMENT AND COATING

Craneflies (Nephrotoma australasiae) were captured in the Brisbane and Townsville areas of
Queensland, Australia, in close proximity to waterways. The longest cranefly hairs (type ‘a’
hairs, Chapter 7, Figure 7.2-3) were scraped off the legs using a surgical scalpel and glued to the

end of tipless levers under an optical microscope. The lever was attached to an in-house x, y
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and z positioning translator. This arrangement allows the small micron sized particles/bodies to
be attached to the lever (Watson et al., 2004a). The free end of the lever was lowered onto the
edge of a glue droplet (fast curing two-part epoxy resin) and then onto the end of the desired
hair base followed by drying for 24 hours. Force measurements of the hairs spring constant

required the hair base to remain fixed by its attachment to AFM non-compliant chips.

Polymer coating was conducted under an optical microscope. A droplet of a mixture of 10:1
base to curing agent of polydimethylsiloxane (PDMS) (Dow Corning, Sylgard-184) was
deposited onto a concave microscope slide allowing it to spread for ca. 1min. A thin PDMS
coating was achieved by positioning the lever with a cranefly leg hair attached at the free end
at the edge of the PDMS droplet and gently lowering it ensuring full coverage of the hair, but
not the lever itself. The hair was then slowly retracted and allowed to cure for a minimum of 48
hours under ambient conditions prior to any further experimentation. This resulted in a thin
coating of the hair (thickness ranges from 50 to 150 nm) whereby only the nanometre sized
structures were coated, leaving the main channels intact (Figure 7.2-5(A)). A thick PDMS
coating was achieved by initially curing of the deposited PDMS mixture on the slide at 60°C for
3min before cooling back to room temperature prior to the dipping of the hair. This resulted in
a slightly thicker consistency of the PDMS, ensuring a full coverage of the hair shaft channels as
seen in Figure 7.2-5(B). The free end of the hair was then gently lowered to the edge of the
PDMS droplet (five times in succession for a thick coat) with the fully covered hair then cured

for ca. 48 hours under ambient conditions prior to experimentation.

Force measurements for hair mechanical properties and adhesion data were obtained by a
TopoMetrix (Veeco Instruments) Explorer TMX-2000 SPM with a 130x130 ;,tm2 tripod scanner
that has a z-range of 9.7 um. Operated under air-ambient conditions (temperature of 22-
23°C and 60-75% RH) and using the Force versus distance (F-D) mode, F-D curves consisting of
600 data points were acquired at rates of translation in the range of 2 - 5 um-s’1 in the z-
direction. Calibration along the z-direction was carried out according to previous studies

(Watson et al., 2002, Watson et al., 2004b).

Five ‘Beam-shaped’ tipless levers (NT-MDT Ultrasharp) with stiffness constants (ky)
determined by accepted methods (Cleveland et al., 1993) were used on 10 individual

uncoated cranefly hairs. Twenty F-D curves were obtained for both the force constant and the
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adhesion measurements before hairs were thin and thick coated with PDMS and new values
also obtained after each coating had dried (24 hours). Stiffness of the hairs were obtained
using methods described in (Gibson et al., 1996). Adhesion data between a hair attached to the
lever and a 10 pL droplet of Milli-Q water was obtained with the droplet deposited on a slide
previously coated with PDMS to ensure a hydrophobic substrate. The hair was brought into
contact roughly 500 um below the top of the droplet (Figure 3.1-7) in order to avoid the

meniscus attraction between the hydrophilic lever and the Milli-Q water.

3.2 SCANNING ELECTRON MICROSCOPY (SEM)

SEM utilizes an electron beam with wavelength in the picometre range which allows imaging
beyond the optical diffraction limit of optical microscopes. The beam is focused into a spot
~10 nm in diameter by electromagnetic lenses and rastered across the surface of the
sample. Biological samples require a layer of electric conducting coating that can interact
with the beam and backscatter them to be picked up by the detector before being

converted to an image via software.

A JEOL 6300 field emission SEM was utilized throughout these studies. Samples were sputter
coated with a 7-10 nm layer of platinum before being mounted on an aluminium pin-type

stub with carbon-impregnated double-sided adhesive.

For chapter 4, a square of dried wing tissue was excised (approx. 3 x 5 mm?) and imaged
with a JEOL 6300 field emission SEM at 8 kV. Insect and particle features such as periodicity,
height, width and spacing values for the nanostructuring were determined from SEM
imaging of the top view and cross-sectional profiles of the wing cuticle. The 7-10 nm Pt
coating layer was taken into account when determining the width and density of the surface

structures.

In Chapter 7 individual hairs were attached to the AFM probes and wing/leg tissues (wing-

approx. 3 x 3 mm, leg-approx. 1 mm).
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3.3 PHOTOGRAPHY

Eight megapixel resolution photographs were obtained using a Canon Digital 350D SLR and a
Canon Ultrasonic EF-S 60mm macro lens. Cropping, adjustment of brightness and contrast

and scale bars were applied using Photoshop 7.0.

3.4 OPTICAL MICROSCOPY

An AIS — Optical Microscope VG8 attached with a Panasonic colour CCTV camera WV-
CP410/G as well as a XSP Series Compound Microscope (York Instruments) were used. These
were placed in a vertical, horizontal or inverted position to obtain top, side and bottom

views, respectively. Magnifications of up to 40X were used.

3.5 POLYDIMETHYLSILOXANE (PDMS)-A POLYMER FOR INSECT STUDIES

Widely used in the biochemistry/biomedical field the highly biocompatible and low cost
PDMS has great potential application in anti-fouling coatings (Kim et al., 1999, Hillborg and
Gedde, 1999, Pike et al., 1996). Transparency, surface hydrophobicity, constant and high
ductility over a wide range of temperatures, low toxicity, high electrical resistance, long-
term stability and flexibility (Olah et al., 2005) are amongst its many useful physical,
mechanical and chemical properties that outmatch traditional materials such as glass,

quartz and silicon. Its low density makes it less difficult to create these small structures
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especially the case where it is used as substrate for creating micro/nano structures, e.g.,
microfluidic devices (Ranjit Prakash et al., 2006, Ren et al., 2001). Also the PDMS polymer
exhibits intimate contact with the master or the harder substrate that supports it (Luo et al.,
2006) and its high elasticity means it will not deform when peeled off and no residues are
left behind (Ren et al., 2001). PDMS is used in Chapters 4, 5 and 6 to replicate insect cuticle
structures. Comparing the contact angles of the replicas from various insect isolates the
relative importance of topographical and chemical effects. In Chapter 7 the topographical
features of cranefly hairs are coated with PDMS to gain an understanding of the importance

of the features on wettability.

3.6 CONTACT ANGLE MEASUREMENTS

A horizontal microscope (AIS-OPTICAL, model: AIS-V8G, magnification: 40X) with digital
capturing (Panasonic Colour CCTV Camera, model: WV-CP410/G) of the images was used for
precise measurements of static CA. Ten measurements per droplet were taken on images
captured at ambient conditions of 21°C and RH of 65-75%. Left and right angles between
the sample surface and the tangent line to the droplet were considered as one
measurement. For droplets on the insect wing surfaces the apparent static contact angles
were measured. Five droplets of 10 uL Milli-Q water were applied to each of the wing
membranes, where possible, near the dorsal cell region. For example cicada contact angles

were taken in the wing region M (Figure 3.6-1).

This region was used in order to accommodate the droplet footprint without the
effects/influence of the vein structure. Smaller sized droplets were difficult to place on the
superhydrophobic insect cuticle surfaces due to the adhesion between the water droplet
and the syringe needle being stronger than the force of gravity and adhesion of the cuticle
surface. To remove the effects of the fine hairs levitating the water droplet above the
lacewing cuticle membrane, smaller sized droplets were placed by spraying a fine water mist

onto the membrane.
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Figure 3.6-1. Venation and regions on an insect wing (example cicada (Psaltoda sp.)).

3.7 CHAPTER SUMMARY

Insects were selected for this thesis based on their association with water and SM values.
Most of the experiments were conducted on the dorsal cell region of their wing. Preparing
the samples of this region for AFM and SEM require careful scalpelling and mounting on
stubs. Attachment of contaminant particles to tipless cantilevers and coating of the hairs
before interacting them with water were conducted under an optical microscope. The
names of the tools, instruments and materials and scientific names of the samples and

pollens used in this thesis and their procedures involved were also included in this chapter.

61



4 FOULING OF NANOSTRUCTURED INSECT CUTICLE: SURFACE

STRUCTURING OF CUTICLE

4.1 INTRODUCTION

The atmospheric environment surrounding insects contains a multitude of biological and
anthropogenic particulate matter which can potentially contaminate the wing cuticle; for
example silica dust and plant material. Pollen grains are the most abundant component
amongst the floating particles in the air (aeroplankton) surrounding most terrestrial
organisms including human beings (Linskens and Cresti, 2000). It has been known for some
time that pollens and mould spores, or at least components of them, can trigger symptoms
of allergic respiratory diseases such as asthma and hay fever (Linskens and Cresti, 2000,
Ylipanula and Rantiolehtimaki, 1995, D'Amato, 2002, Carinanos et al., 2004, Burney et al.,
2008). A rise in respiratory allergic symptoms has also been attributed to pollen fragments
which can adhere to other pollutant surfaces (e.g., diesel exhaust particles). Thus the
interaction of pollen grains with various surfaces is of great interest in terms of distribution,
transport and capture of these pollinic allergens. Interestingly, recent studies have also
shown that pollen of genetically engineered and modified plants have the potential to kill

certain insects (Losey et al., 1999).

Other potential airborne contaminants originate from soils. Naturally occurring silicate
particles composed principally of silicon dioxide (SiO,) such as quartz, can comprise as much
as 90-95% of the sand and silt fraction of soil (Smith and Lee, 2003), and present the highest
health risks (Smith and Lee, 2003, Ormstad et al.,, 1997). Respirable quartz is commonly
found in soil dust, although weathering and chemical reactions may make it less fibrogenic
than the freshly fractured quartz found in occupational dust from quarrying and
sandblasting (Ormstad et al., 1997). Exposure to, and inhalation of, a combination of various

air-borne particulates have been found to contribute to various diseases including lung
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cancer (Knaapen et al., 2004). Silica dust has not only been linked to lung disease, but also
as a contributor to lung cancer, silicosis, pulmonary tuberculosis, emphysema and
immunologic reaction (Ding et al., 2002, Hnizdo and Vallyathan, 2003). Thus, like pollen,
enhanced mechanisms for shedding silica particles are of great interest. The capture and
isolation of these particles (silica, pollen, etc.) is advantageous in some circumstances (e.g.,
air-conditioning filters, cleaning systems), but in most human habitats adhesion is highly

undesirable (furniture, flooring, fixtures, clothing).

As well as the health concerns associated with silica and pollen, these bodies also represent
a ubiquitous source of hydrophobic and hydrophilic particles which come into contact with
insects and can potentially foul the surface. Fouling in the marine and terrestrial
environments (especially where water can accumulate) is a significant economic and
environmental problem (Schultz et al., 2011, Yebra et al., 2004). Until recently, biofouling
control has focused on biocidal antifouling coatings, but there is now an urgency to develop
effective non-biocidal antifouling alternatives. Increasingly, non-biocidal solutions to
biofouling are being sought from nature (e.g., de Nys and Steinberg (de Nys and Steinberg,
2002); Scardino and de Nys (Scardino and de Nys, 2011)). New surface-based technologies in
particular are being inspired from biomimetics (e.g., the Lotus leaf) as physical surface
effects, or surface bound chemical signals, have the advantage of eliminating effects on
non-target organisms(Genzer and Efimenko, 2006, Ralston and Swain, 2011, Scardino and
de Nys, 2011). While these superhydrophobic surfaces may provide useful templates for
biofouling prevention, other structuring such as hydrophilic micro-nano patterned surfaces
where contact with water is preferred over biological interactions may also guide the

development of new antifouling coating (Marmur, 2006).

A range of cuticle nanostructures are examined in this chapter on a number of insect species
and their corresponding cuticle wetting properties were investigated in Chapter 5. In
Chapter 6 micro/nano adhesion of contaminating particles (silica, C1g and a variety of pollen
grains) on these insect species were measured and the results were correlate to their cuticle
structures and wetting properties. Insect species with large wings and/or a high SM value
and/or a close association with water in their life history are our general focus. Insect
species were also chosen based on the differing topographical landscape of their wing

cuticle.
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4.2 TOPOGRAPHICAL CHARACTERISATION OF INSECT WING CUTICLE

The surfaces of the insect species studied showed a wide range of wing membrane
structuring. The structures range from periodically aligned structures through to an
inhomogeneous arrangement as demonstrated in Figure 4.2-1. The structures also
demonstrate (super)hydrophobicity and hydrophilicity. This diversity in surface structuring,
as well as insect behaviour, provided the impetus of the selection of species in this study.
The micro-nano structuring is characterised in Table 4.2-1 listing the relevant geometrical

parameters such as shape, spacing, depth and width of the structures.
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Figure 4.2-1. Topographical SEM images: (A) & (B) Psaltoda claripennis (top and cross-
section, respectively). (C) & (D) Cicadetta oldfieldi (top and cross-section, respectively). (E)
& (F) black region of Gudanga sp. nr adamsi (Black cicada) wing membrane (top and cross-

section, respectively). (G) & (H) comparable structures found on the dragonfly
(Rhyothemis phyllis chloe) and planthopper (Desudaba psittacus) wing membranes,
respectively. (I) micron, and (J) sub-micron structures found on a moth wing (Prasinocyma
albicosta). (K) Lacewing (Glenoleon pulchellus). (L) flower wasp (Scolia soror)
nanostructures. (M) Broad bump structuring of the superhydrophilic termite
Schedorhinotermes sp.. (N) bladder cicada (Cystosoma schemltzi).
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Table 4.2-1. Geometrical parameters of cuticles from insect species investigated in this

study.

SUPER HYDROPHOBIC CUTICLE

Cicada 1 Spherically
200 (30) 37 90 (20) 170 )
Psaltoda claripennis capped, conical
Cicada 2 Spherically
200 (28) 42 80 (15) 200 )
Cicadetta oldfieldi capped, conical
Black cicada
Forewing — Diamond-like
Gudanga sp. nr 0.24 680 (70) 2100
15000 (1900) shape
adamsi
Dragonfly
Rhyothemis phyllis 350 (35) 43 80 (10) 150 Rods
chloe
Planthopper
400 (79) 52 60 (10) 150 Rods
Desudaba psittacus
Longitudinal
ridge spacing - Scales,
Moth Valley/peak 8¢ Spacing o
] 1500 longitudinal
Prasinocyma dist. 500 - 120 (15) ) ] )
Ridge width: ridges, lateral
albicosta (100) )
Thin — 120; crossbeams
thick — 390
Interconnected
Lacewing .
950 (100) - 80 (50) - netting composed
Glenoleon pulchellus )
of ridges
HYDROPHILIC CUTICLE
Flower wasp 187 Curved
2 630 (90) 400 .
Scolia soror (18) projections
Bladder cicada 117 Curved
2 (0.6) 321 (80) 800 o
Cystosoma schmeltzi (34) projections
Termite 150 Curved
0.01 300 (-) 850 (-)
Schedorhinotermes sp. ) projections
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4.2.1 SUPER HYDROPHOBIC CUTICLES

The transparent cicada wing membranes of Psaltoda claripennis are covered with a periodic
topography. The structures are shown in the topographical SEM images in Figure 4.2-1((A)
and (B) show top views and the membrane cross-sections). The arrays consist of hexagonally
packed spherically capped conical protuberances with a spacing and height of ~ 200nm and
radius of curvature of ~25-45 nm at the apex. Similar features have been found on the wings
of a number of other cicada species including Aleeta curvicosta, Tamasa tristigma,
Macrotristria angularis, Cicadetta oldfieldi (Figure 4.2-1 (C) & (D)) and Thopha saccata
((Watson et al., 2008c)). The features are present on all areas of the dorsal and ventral wing
membrane. A previous study has demonstrated the functional effectiveness of similar
structures as an antireflective surface which presumably helps to camouflage the insect
from predators (Watson et al., 2008c). The surfaces also demonstrated low adhesion with
hydrophilic particles (Watson et al., 2008c). The multi-functional nature of the structures

appears to be a common feature of the cuticle found in many insect species.

The other superhydrophobic cicada species examined ((Black cicada - Gudanga sp. nr
adamsi) had coloured as well as non-transparent wing regions as opposed to the species
discussed above which all have transparent fore and hind wings. The transparent regions on
the black cicada wing membrane (hind wing) showed the same well-ordered structure size,
shape and periodicity as found on other cicada with completely transparent wings.
Interestingly, the non-transparent coloured regions of the forewing (black in colour) showed
dramatically different structuring. It was composed of a less ordered surface with individual
diamond-shaped structures almost one order of magnitude larger in height and width
(width at widest point, Figure 4.2-1 (E) & (F)). This provides strong evidence for specific
dimensional structure size/shape for specific functionality on selected regions of the wings.
Regions of the wing where the antireflection property is required have the necessary
structure dimensions (less than the wavelength of light (Watson et al., 2008c)) while other

coloured regions are not restricted by this wavelength condition.

The dragonfly (Rhyothemis phyllis chloe) and planthopper (Desudaba psittacus) (Figure 4.2-
1(G) & (H) respectively) exhibited comparable surface topography with rod-like structures

forming a layer of structured matting. These structures are similar to those found on
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damselflies (Cong et al., 2004). Cong et al. (Cong et al., 2004) suggested a number of
possible functions for the wax-like covering including intra/inter-specific communication
based on ultraviolet light reflection of the layer. The covering was also suggested to protect

the insect against water when in contact.

The moth (Prasinocyma albicosta) topography showed scales with a typical overlaying tile
type arrangement as found on many butterfly/moth species (Carinanos et al., 2004). These
scales exhibited micron (SEM image in Figure 4.2-1(1)) and submicron structuring in the form
of longitudinal and lateral ridges as seen in the cross-sectional SEM image of a single scale in
Figure 4.2-1(J). A number of functional properties have been attributed to scales on
butterflies including camouflage display, signalling and possibly thermo-regulation control
(Cong et al., 2004, Gorb et al., 2000, Vukusic et al., 2004). Moth and butterfly scales are
typically super/hydrophobic and can detach as an aid for protection against highly adhesive

surfaces (e.g., spider webs).

The surface of the lacewing (Glenoleon pulchellus) showed interconnected ridges forming a
dense netting on the cuticle surface (Figure 4.2-1(K)) and (Chapter 8). The vein regions were
characterised with an array of macrotrichia (fine hairs). Macrotrichia have been found to
add a secondary layer of protection against surfaces with which the insect may come into
contact(Watson et al., 2010b). The lacewing surface of the species Chrysoperla carnea has
been previously studied whereby the wing was exposed to a fine dust of silica particles
under fogging conditions and was shown to exhibit a high degree of non-

contaminability(Wagner et al., 1996).

4.2.2 HYDROPHILIC CUTICLES

The flower wasp (Scolia soror) (Figure 4.2-1(L)) and bladder cicada (Cystosoma schmeltzi)
(Figure 4.2-1(N)) both exhibited surfaces with similar features represented by relatively
large sized curved projections (bumps), flat (low in height) and spaced many hundreds of
nanometres apart (centre-centre distance). A similar type of insect topography (broad
bumps) to these two species have been reported in a previous study of micro/nano

structuring on the termite (Schedorhinotermes sp.) wing membrane (Figure 4.2-1( M))
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(Watson and Watson, 2004). The study suggested that the wing membrane topography
(array of bumps) may improve flight efficiency by acting as a series of stabilizing elements

designed to handle loading forces.

4.3 CHAPTER SUMMARY

Table 4.2-1 summarises the geometrical parameters of cuticles from insect species
investigated in this study. These measurements were taken from SEM images of the cuticles
and the generally tall, narrow and dense structures on the superhydrophobic insects can be
distinguished from the generally broad and sparse structures on the hydrophilic insects. The
variation in the shapes and sizes of the structures is due to the need for different
functionalities on the cuticle and the most interesting structure is seen between the

different colour regions of the Black cicada wing.
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5 WETTABILITY OF NANOSTRUCTURED CUTICLES

5.1 CONTACT ANGLES AND INTERACTION WITH WATER

Separating the contributing effects of topographical structuring and chemistry is not always
a trivial exercise. Wettability however incorporates both the chemical and topographical
components of the surface and is a useful parameter to relate to other measureable
properties such as adhesion and friction. The result of these two contributing components
(structure and chemistry) will thus influence the interfacial properties and functional

efficiency of insect wing membranes.

Many insects (especially superhydrophobic species) already have chemistries which result in
contact angles that have reached the near upper limit for what can be achieved on flat
surfaces (Holdgate, 1955). Thus topographical architectures resulting in increased roughness
is one way to improve hydrophobicity on an already low energy surface. The non-wetting
surfaces offer survival value to insects as they afford resistance to wetting by rain and other

water surfaces they may encounter.

The wettability (apparent contact angles (6. and 6, )) of the insect wing cuticles in this

study are shown in Figure 5.1-1(A). Many of the membranes represent superhydrophobic
surfaces with CA close to or above 150°. A typical example is shown in Figure 5.1-1(B)
(cicada with structure height and periodicity ~200 nm) where it is evident from the image
that the water droplet gains negligible energy through absorption to compensate for any
enlargement of its surface area. For comparison, Figure 5.1-1(C) shows the interaction of
water with a flat (non-structured) polydimethylsiloxane (PDMS) sample. This polymer
demonstrates a hydrophobic surface with a measured &, of ca. 101-105° (in good
agreement with values reported in the literature (Sun et al., 2006)) and highlights the

hydrophobic character of the wing membranes.
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Figure 5.1-1. (A) Graph displaying the species type as a function of contact angle.
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Figure 5.1-1. A 10 pL droplet deposited on (B) a cicada wing membrane, and (C)
hydrophobic PDMS surface. (D) & (E) shows the PDMS replica of the cicada Tosena sybilla
and the interaction of a water droplet with a polymer (PDMS) replica of the cicada
Gaeana cheni respectively.

There exists a spectrum of contact angles due to inhomogeneous chemistries and roughness
of membrane surfaces. For example infrared microspectroscopy (with a highly focused
infrared probe beam in dimensions of approximately 8 um in diameter) shows that the
heterogeneous distribution of the cuticular waxes across the wing of Psaltoda claripennis is
a result of aggregation of the long chain hydrocarbons (Tobin et al., 2013). Similarly the
ester functional groups showed spatial variability on the wings of the damselfly Ischnura
heterosticata (Hasan et al., 2012). The intensity of the amide peaks (1590-1490 cm™ and
1700-1600cm™) is similar across the cicada wing. On the damselfly the heterogeneity is

lower than the ester function groups implying a more even distribution of chitin and other
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proteins across wings of both insects(Tobin et al., Hasan et al.). Variable distribution and

shape of the structural tips also contributes to the variety of contact angles displayed.

There are a number of theories to express the superhydrophobic condition all of which have
certain assumptions and limitations(Cassie and Baxter, 1944, Gao and McCarthy, 2007a,
Herminghaus, 2000, Shirtcliffe et al., 2010, Wenzel, 1936). Cassie-Baxter(Cassie and Baxter,
1944) expresses the superhydrophobic state in terms of a number of interfaces; a liquid-air
interface with the ambient environment surrounding the droplet and a surface under the
droplet involving solid-air, solid-liquid and liquid-air interfaces (Equation 2.2-4 and 2.2-5)
and necessitates the surface to have the required roughness to allow air in topographically
favoured regions such as troughs and surface depressions. Thus topographies which
increase the air-water interface and minimise the solid-liquid contact area will lead to higher

contact angles.

The C-B model can also be applied to determine the contact angle of an array of
hemispherical-top protrusions (a close approximation to the structures shown in Figure 4.2-
1 (C) and (D) for the cicada Cicadetta oldfieldi and also the transparent regions of the black

cicada) using
0. =cos™ [—1+ ¢ (cOs 6, +1)2}

Equation 5.1-1

where ¢ is the ratio of the basal area of the protrusion over the total area and 6 is the
ideal contact angle of water on a smooth surface of identical chemistry (6, ~ 105° in the
present case (Watson et al., 2008c)). The predicted apparent contact angle for the cicada
membrane is ~ 150°. This value correlates well with the experimentally determined values
shown in Figure 5.1-1(A). The cicada species with transparent wing membranes likely
compromise the geometrical structure parameters due to the antireflection constraint as
mentioned above. Even so, the membrane still manages to achieve superhydrophobic
contact angles. A recent study of fabricated superhydrophobic nanostructures with
comparative spacing and height to the cicada arrays reported measured contact angle

values similar to our results (Martines et al., 2005).
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Figure 5.1-2. An optical microscope image
of a water droplet resting on the wing
membrane of a cicada revealing an
apparent contact angle (CA) of ca. 150°
with the surface.

Many of the other insect species in this study demonstrated specialised topographies for
minimising the solid-liquid contact area and maximising the liquid-air contact resulting in
high contact angles. The non-transparent cicada wing cuticles of Gudanga sp. for example,
present structures which satisfy a number of the above contact conditions. The diamond-
like shape demonstrates ‘model’ features for lowering the solid-liquid contact area and
allowing a larger pocket/volume of air to occupy the volume beneath the water droplet. As
well the shape minimises the amount of material required and hence reduces the wing and
thus insect weight. The largest spacing between individual structures as seen in Figure 4.2-1
(E) and (F) is less than 5 um and this may suggest that this might be near a critical distance
for structures of these heights (several um) interacting with water. Indeed a study on
fabricated surfaces shows that larger spacings may be more susceptible to complete wetting
(Bhushan and Jung, 2008). It may be advantageous for the cicada membrane to resist water
under a variety of conditions so as not to invade or make contact with the underlying
surface between asperities increasing the solid-liquid contact or promoting a transition to

the fully wetted state.

It has been suggested that cicada microstructures on the wings could act as ‘natural
templates’ to transfer wetting properties onto materials such as polymers (Watson and
Watson, 2004). Watson et al. (Watson et al., 2008c) have previously tailored a polymer
(PDMS) using this templating procedure on the wing membrane of the cicada Aleeta
curvicosta (Watson et al., 2008c). Attempts to duplicate the black cicada membrane with a
polymer replica (PDMS) proved difficult due to the unusual structure shape. The replica
features only formed to a height of several hundred nanometres (Figure 5.1-3(A) and (B)).

Interestingly these sized features (height and spacing) did not result in the polymer
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exhibiting superhydrophobic behaviour. However, structures of similar dimensions (height
and spacing) to Gudanga sp. can be found on other wings of coloured cicada species (e.g.,
Tosena sybilla and Gaeana cheni in Figure 5.1-3(C) and (D) respectively). Figure 5.1-3(C)
shows a PDMS replica of the cicada Tosena sybilla (structure height ~2 um, spacing ~2 um).
Droplets on these features showed superhydrophobic contact angles. Even PDMS replicated
structure heights approximately half the height of Gudanga sp. (produced from Gaeana

cheni ~750 nm) produced superhydrophobic interactions (Figure 5.1-3(D)).

The images in Figure 5.1-3 illustrate the increased hydrophobicity when roughness is
introduced to the polymer surface at these dimensions. The diamond structuring and

colouring found on the black cicada may also be multi-functional providing similar attributes

to some butterflies e.g., camouflage display, signalling, and thermo-regulation control.

Figure 5.1-3. SEM images of a PDMS replica of the top (A) and side (B) view of the black
cicada (Gudanga sp.) and the top view of the coloured regions found on the cicada wings
of Gaeana cheni (C) and Tosena sybilla (D).
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The dragonfly (Rhyothemis phyllis chloe) and planthopper (Desudaba psittacus)
demonstrated superhydrophobic contact angles. Even though the asperity density is high,
the small width of the asperities (Figure 4.2-1(G), (H)) will increase the air pocket volume by
the 3-dimensional ‘undergrowth’ of surface matting on the membrane. The moth also
demonstrated a superhydrophobic contact with water. The topography has an anisotropic
hierarchy of roughness with the scales and ridges of different length scales allowing

minimisation of contact with water bodies.

The bladder cicada and flower wasp exhibited surfaces which are more easily wetted than
the other insect species examined, with contact angles below 90°. The hydrophilic nature of
these surfaces is in stark contrast to the superhydrophobic topographies examined. The
habit of the bladder cicada is sedentary in nature with limited flying (Moulds, 1990). The
large green wings are said to serve as a camouflaging blanket for the insect in dense foliage
(Moulds, 1990). This cicada has intense green wings similar in shape to leaves. The
camouflage is so effective that it can take a few minutes to locate a ‘singing’ specimen less
than 0.5 m away (Moulds, 1990). Interestingly, their camouflaging green colour is lost to a
significant degree when dehydrated (Moulds, 1990) (Figure 5.1-4(A) and (B)). Thus our
observation of a hydrophilic wing cuticle is in agreement with these factors and possibly

functions to retain condensed moisture and thus camouflage.

A B

Figure 5.1-4. A ‘fresh’ (A) and dehydrated (B) forewing of the bladder cicada, Cystosoma
schmeltzi.

The hydrophilic black flower wasp has a similar cuticle structuring to the bladder cicada. The
hydrophilicity of the flower wasp wing is highlighted by the interaction with moving droplets

as experienced under conditions of precipitation in the supplementary movies S1 and S2
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(found on Taylor & Francis (Hu et al.,, 2011b)). In contrast, interaction of similar sized
droplets with the superhydrophobic species results in water droplets bouncing off the
surface. These insects are generally solitary and do not make communal nests. In mid to
late summer, they often form small swarms flying low over areas such as turf, shrubs and
compost heaps and are commonly seen taking nectar from flowers. A common feature of
this insect is that it is an extremely strong flyer. This wasp species were observed in light
rain conditions where the mobility of the insect seemed unhindered. Thus the insect
appears to have sufficient strength and/or wing flapping frequency to remove water
droplets quickly upon contact and thus maintain flight even though the wing membrane is

hydrophilic.

Interestingly a recent study has examined the wetting properties of the termite
Schedorhinotermes sp. which has a topography very similar to the flower wasp (Watson et
al., 2011a). These particular termites typically fly after rain periods (typically at night) and
thus do not come into contact with mobile droplets during flight. The insect displays a
hydrophilic structuring on their wings with a small scale roughness which is not
dimensionally sufficient to introduce an increase in hydrophobicity. The lack of
hydrophobicity allows the termite to be hydrophilically captured at locations (for example
on wetted rocks (Figure 5.1-5(A) and leaves (Figure 5.1-5(B)) where water may be present in

large quantities and sufficient for the initial colonization period.
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Figure 5.1-5. (A) and (B) Hydrophilic Schedorhinotermes sp. termite stuck to a wet rock

and leaf surface rendering the insect immobilised.

5.2 CHAPTER SUMMARY

Successfully replicating the superhydrophobic cuticle structures onto PDMS (6, of ca. 101-
105°) creates a superhydrophobic polymer surface thus showing the significance of the
topographical feature in anti-wetting. The dense surface structures which are spaced
typically less than 5 um resist wetting the troughs and thus reduce solid-liquid contact. The
composite wetting regime is responsible for the apparent contact angle which can be

expressed by the Cassie-Baxter equation.
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6 ADHESION OF NATURAL AND ARTIFICIAL CONTAMINANTS

6.1 ADHESION FORCE MEASUREMENTS

The adhesion between the various particles (Pimelea linifolia ssp., Grevillea “Red Sunset”
and Acacia fimbriata (Golden wattle) pollen, and Si and Cig spherical particles described in
Section 3.1.2) and a flat hydrophilic silicon sample with a native oxide layer was used for
comparison as it highlights the adhesional differences between the various surfaces. For the
case where the silica sphere comes into contact with the silicon dioxide surface, meniscus
forces at the point of contact between the tip/particle and the surface accounted for the
high adhesive forces. The meniscus force (F) between a sphere and a flat surface can be
expressed as a function of intrinsic contact angle (&) and other parameters (Bhushan,

2002).
F =27Ry(1+co0s8,)

Equation 6.1-1

where R is the radius of the tip/particle and yis the surface energy (0.0728 Jm™for water) of
the liquid film. The predicted force of adhesion for the hydrophilic AFM tip interacting with
the hydrophilic silica surface is 8-20 nN which is in reasonable agreement with the measured
value of ca. 18 nN seen in Figure 6.1-1. The value calculated from Equation 6.1-1 above for
the 30 um spheres yielded a much larger adhesive force (1 uN) than that was
experimentally determined (ca. 380 nN). The discrepancy can be explained due to the
particles having surface roughness on the nano-scale, as observed by AFM imaging (Figure
3.1-5), contact with the flat surface is made via a number of contact points, i.e., in a multi-

asperity regime, each contact point with radii of curvature in the nano-range.
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Figure 6.1-1. Graph displaying the adhesion with the silica particles on the hydrophilic and
super/hydrophobic insect wing surfaces. Error bars represent standard errors.

The adhesion between the silica tip/microsphere and the insect cuticles represents a high
surface energy contaminant particle coming into contact with low energy hydrophobic and
higher energy hydrophilic micro/nano-structures/arrays. This is highlighted in Figure 6.1-1
showing the differences in adhesion and wetting between the two groups of insect
structuring. Particle adhesion on the (super) hydrophobic insect cuticles was much lower in
comparison with that on the flat hydrophilic Si surface and hydrophilic insect species. The
higher adhesion values measured between the contacting surfaces of the hydrophilic insect

membranes and the hydrophilic contaminants reflects the menisci formation from liquid
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present on the surfaces. As well, the relatively flattened and broadened structures of the
hydrophilic insect cuticles do not minimise the contact area to the degree of the

hydrophobic species.

The larger the particle contacts (e.g., compare Silica AFM tip (ca. 28 nm) with 4.5 um and 30
um in diameter sphere Figure 6.1-1) the higher adhesion is. This reflects the increase in
radius of curvature and increased contact points. Thus the real contact area increases along

with the meniscus contributions.

Adhesion was also measured for the 30 um silica sphere in diameter on a poly
(tetrafluoroethylene (PTFE) surface (contact angle 108°) with a measured value of ~50 nN.
Thus the adhesion values for the super/hydrophobic insect cuticle membranes (Figure 6.1-1)
represent lower surface energy materials than the flat PTFE for interaction of particles at
this length scale. Based on the Young’s equation, the surface energy of the cicada
membrane is ~12 mJ-m™. For comparison, the work of adhesion for water on a silica (glass)
surface is ~120 mJm™?(Sklodowska et al., 1999). It is evident that the topography of the
hydrophobic wing membranes results in minimal actual contact area between the touching
surfaces. The highly intricate hydrophobic patterning decreases the contact area, number of

menisci, van de Waals attraction and thus the total adhesive force.

AFM manipulation of the cicada wing membrane (by contact imaging with an AFM probe
with a tip with a large radius of curvature (>150 nm)) resulted in partial crushing of the array
structures. The crushed array presented a flatter surface and thus a greater contact area for
adhering particles in comparison with the intact array, thus leading to greater adhesion. For
example the 30 um sphere showed an adhesion almost twice that of the intact membrane
(~45 nN — similar adhesional value to that of the PTFE surface). An AFM silica tip with a
radius of curvature of ~14 nm was also used to measure adhesion on the crushed
membrane. This showed the same adhesion (0.3 nN) as the intact cicada membrane. This
shows that for particles with radius of the curvatures smaller than that of the membrane
surface protrusions the contacting areas between particles, whether with intact or flattened
membranes, are similar. Thus the size of the particle (silica tip) determines the adhesion and
the chemistry of the crushed regions do not significantly alter from intact membranes

(significant chemical changes would most likely manifest in greater differences in adhesion).
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Adhesion of the Cjg particles with the insect cuticles was generally lower than the
comparably sized silica particles (Figure 6.1-2 (A)). This represents the difference in adhesion
of a hydrophobic and hydrophilic particle coming into contact with the insect wing
membranes. As well the differences in roughness may also contribute to this effect (Figure

6.1-2 (B)).

85 | mmmm C1g bead

Adhesion (nN)
o7

Figure 6.1-2 (A). Graph displaying the adhesion with the C18 particles on the hydrophilic
and super/hydrophobic insect wing surfaces. Error bars represent standard errors.
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Figure 6.1-3 (B). SEM image of a C18 bead
attached to a cantilever. The section closest to
the cantilever tip is contaminated with epoxy

and does not interact with the sample.

The contact of contaminant particles with the wing membrane surface of Cicadetta oldfieldi
shows ultra-low adhesion forces as small as 3 nN for AFM tip sized spherical bodies (ca. 28

nm diameter) and less than 30 nN for 30 um sized silica particles.

The adhesion values measured on the dragonfly (Rhyothemis phyllis chloe) cuticle for the 30
pm sized silica particle was the lowest of all the insects (Figure 6.1-1). The open structure
framework of the membrane minimises the contact points and thus the adhesion. F-D
curves on the moth surface interacting with larger particle sizes often showed multiple
releases during the retract section of the force curve (e.g., Figure 6.1-3). This type of F-D
curve, showing multiple release (and thus adhesion) points, is in stark contrast to the other
insect surfaces where adhesion was generally characterised by a single release mechanism
(with the exception of Pimelea linifolia ssp. where the release from multiple contacts from
the pollen sometimes occurred). Release of the particles from the rough scale surface may
be the result of the detachment of the varying pollen protuberance contact points with the

scale roughness making multiple adhesional points between the two surfaces.
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Figure 6.1-4. A single representative F-D curve showing multiple ‘jumps’ on the retract
curve (red) obtained on the moth wing (Prasinocyma albicosta). The approach curve (blue)
shows a distinct snap-on feature (and a general downward trend) where the Si bead is
presumably statically attracted to the surface of the moth scales (since the bead is the
object being brought into contact with the surface).

However, butterfly and moth scales are known to fully detach from the wing. This attribute
can serve as a defence mechanism upon contact with other surfaces (e.g., spider web). The
multiple release steps, as indicated by the F-D curves, may also suggest a number of

possible mechanisms of detachment between the particle and scale:

1) The overlapping scale morphology (Figure 6.1-4) provides a ratchet-type release in

sequential steps.

2) The pedicel attached to the scale releases in steps from the socket.

3) The scale is compressed upon contact and follows the particle upon retraction.
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Figure 6.1-5. The overlapping scale arrangement of the Prasinocyma albicosta moth wing.

The sequential release mechanism of the scales may also indicate a unique way upon which
these type of insects contend with small contact adhesion without full detachment of the

scale occurring.

The pollen grains are of a similar scale to the 30 um silicon beads. However due to the
rougher morphology and more hydrophobic nature of the long chain polymers that pollen
sporopollenin (outer layer) compose of, the adhesion between the pollens and the insect
cuticles is lower (Figure 6.1-5). Figure 6.1-5 shows that the spherical shaped profile with
small asperities of the Pimelea linifolia ssp. pollen exhibited the lowest adhesion. Thus the
reduced contacting area resulted in lower adhesion. The Acacia fimbriata pollen

demonstrated similar adhesion values to the pyramidal shaped Grevillea pollen.
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Figure 6.1-6. Graph displaying the contact angle and adhesion with the three different
pollen particles - Pimelea linifolia ssp., Grevillea ‘Red Sunset’ and Acacia fimbriata ‘Golden
wattle’. Error bars represent standard errors.

The measured highest adhesion between hydrophilic insect membranes and the pollens was
50 nN. These high values were also reflected in the frequency of contaminate particles as
viewed from freshly caught specimens using optical and SEM imaging (Figure 6.1-6). Pollen
grains were also interacted with an Australian stingless native bee (Trigona carbonaria)
pollen basket located on the hind leg. Adhesion values of pollens on this region were up to
70 nN. This value is of a similar order to adhesion measurements of pollens to stigma cells

(in the order of 10”7 N)(zinkl et al., 1999).
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Figure 6.1-7. A pollen grain found on the
wing membrane of the hydrophilic flower
wasp, Scolia soror.

Frictional forces were also measured on three insect species (Cicadetta oldfieldi, Scolia soror
and Cystosoma schemltzi) with a silica tip at loading forces represented by the adhesional
force. The frictional force obtained on the insect cuticle of the cicada was 5.5 = 2.5 nN. This
value demonstrates that only very low frictional forces are required to remove
contaminants of this size from the cicada membrane. In contrast to the frictional force on
the cicada, the flower wasp and bladder cicada yielded values of 47 = 15 nN and 65 + 15 nN,
respectively. This demonstrates the higher forces required to remove particles which are

more strongly attached to the membrane.

6.2 CHAPTER SUMMARY

The tribological properties on insect cuticles were measured by the interaction of single
spherical surfaces (of different size and chemistry that mimics natural contaminants) and
also natural contaminants such as pollens. Adhesion is contributed by the chemical and
topographical components of the surfaces. Adhesion values experienced on insect cuticles
by the pollens used in this thesis are typically in the magnitude of tens of nanonewtons. Low

adhesive surfaces also display low friction and low wettability.
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7 NON-WETTING WINGS AND LEGS OF THE CRANEFLY AIDED BY

FINE STRUCTURES OF THE CUTICLE

7.1 INTRODUCTION

One of the more interesting insect groups is terrestrial and aquatic species whose surfaces
are very rough or covered with hair piles. They have very high advancing and receding CAs;
often over 150°. These adaptations are more often than not structural rather than chemical
since many insects already have chemistry which is at the near upper limit for smooth
surfaces. Hair piles on terrestrial insects may aid to contend with the risks associated with
living in an environment which offers little protection against wetting by rain and other
water surfaces the insect may encounter (Watson et al., 2010a, Watson et al., 2010b). As
with other insect cuticular structures, hairs may serve multi-functional purposes such as

aiding in flight (contributing to aerodynamic factors) (Perez-Goodwyn, 2009).

One of the many insects which demonstrate a hierarchy of surface roughness is the cranefly:
one of the most abundant species of all the Diptera. As the craneflies are notable lovers of
moisture, they inhabit a diverse range of habitats where water is available and are typically
found resting on foliage, overhanging water sources in damp shady locations. The larvae
mainly emerge from water or semi-liquid matter (e.g., mud) to become adults, and most
species cease to feed after this stage. The adults exhibit a slender body and extremely long
legs with their wings spanning from 8 to 75 mm and characterized by having two anal veins
reaching the margin. The adults fly slowly and irregularly close to moist grounds with legs

making regular contact with the substrate.

As the cranefly has exceptionally long legs and is often found in damp environments the
insect will be susceptible to detrimental adhesional contacts, as well as breakage in the
worst case scenario. The insect can potentially become a victim of permanent
immobilization on water or wetted surfaces with a reduced capacity to evade or fight off

predators. This chapter deals with how the fine structure of cranefly (Nephrotoma
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australasiae) hairs on the legs enhances the ability to repel water, with smaller hairs found

on the wings aiding the insect under rain/droplet conditions.

7.2 RESULTS AND DISCUSSION

A photograph of the cranefly (Nephrotoma australasiae) studied here is shown in Figure 7.2-
1(A) and (B). The cranefly at rest demonstrates an apparent large contact area with the

underlying substrate (e.g., leaves, wetted soils) due to the extremely long legs.

Figure 7.2-1. (A) Resting cranefly (Nephrotoma australasiae) with a large apparent contact

area with the underlying leaf due to the extremely long legs. (B) An ovipositing cranefly at

the bottom of the up-down flying pattern on moist/muddy soil showing legs and the tip of
the abdomen in contact with the underlying substrate pointing.

Some of the specimens used in study were collected along the edges of a freshwater river.
Observation of the flying habits of these insects (12 insects in total) showed a bouncing

motion across the substrate (leaf litter and moist muddy soil). This bouncing comprised of a
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near vertical accent of 3 to 8 cm and then a downward motion where the insect legs came
into contact with the ground. The duration of the up-down cycle is typically around 0.3
seconds (3.3 Hz). The observed flying behaviour is demonstrated by ovipositing craneflies
where the tip of their abdomens frequently contact the substrate (White, 1951) as
demonstrated in Figure 7.2-1(B). The impacting force with the ground of the legs appeared
relatively large, which could be the result of the long legs used as springs to control the
impact with the ground and/or possibly help propel the insect on the vertical ascent part of
the cycle. As the flying motion necessitates leg contact with moist ground, it would seem
advantageous for the leg to feature structural patterning to aid in repelling water and

contaminants.

Interaction of the cranefly leg and wing with water of various length scales is shown in
Figure 7.2-2. The hair piles in all circumstances result in an initial contact where the droplets
attain a near spherical shape. The water droplet exhibits a CA of over 170° with the wing as
shown in Figure 7.2-2(A). The apparent CA of a water droplet supported by a syringe tip and
placed on the cranefly leg is also extremely high in Figure 7.2-2(B). Micro droplets from a
mist spray exhibit similar CAs on both wing and leg surfaces. in Figure 7.2-2(C), (D), (E) show
droplets being held up by hairs on the wing vein, wing membrane and leg, respectively. The
images demonstrate the apparent superhydrophobic nature of the cuticles causing water

droplets to spontaneously roll off the cuticle surfaces.
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Figure 7.2-2. Optical images showing a 10 plL water droplet displaying superhydrophobic

contact on a cranefly (A) wing and (B) leg with the water droplet supported by a syringe to
avoid roll off. Micro-sized water droplets from mist sprayer supported by hairs and air
underneath and showing superhydrophobicity on the microscale on cranefly (C) wing
veins, (D) wing membrane and (E) leg.

A Scanning Electron Microscope (SEM) image of a small region along the cranefly leg is
shown in Figure 7.2-3(A) where four types of hair exist (types a, b, c and d). Hair type ‘@’, the
most protruding hair is 90 £ 15 um in length and angled at 25 + 5° from the inner leg shaft
surface. Their tilt arrangement is similar to the hairs observed on water striders leg which

need to maintain function above the surface of the water (Watson et al., 2010 ). However
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the length and width of type ‘a’ hairs on the cranefly leg are typically three times larger than

those reported on striders (Watson et al., 2010 ).

A low magnification SEM image (in Figure 7.2-3(B) shows the majority of the wing is covered
with a uniform array of small hairs (type ‘f’) where the average length and spacing of the
hairs on the membrane are 12 + 1.5um and 14 + 2 um, respectively (in Figure 7.2-3(C)). The
larger hairs (type ‘e’) found on the wing veins are comparable to the longest hair type ‘a’ on

the legs.

Figure 7.2-3. (A) SEM image of a cranefly leg with four different types of hair (types a, b, c,
d) with nanogrooves visible on hair types a, b and c. (B) SEM image of different size hairs
(types e and f) on a cranefly wing (with longer hairs ‘e’ on the wing edge and the veins).

(C) SEM image of cranefly wing showing type ‘f’ hairs in high magnification.
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The finer structures of cranefly hairs are shown in Figure 7.2-4(A) and (B). Small type ‘e’
hairs on the wing (Figure 7.2-4(A)) have arrow-like grooves that are similar in appearance to
the hairs found on water strider legs (Watson et al., 2010). Type ‘a’ hairs on the legs (Figure
7.2-4(B)) have a micro/nano architecture consisting of a number of ridges (around 500 nm

deep) running along the hair shaft while ultra-fine channels run diagonally and meet at the

Figure 7.2-4. SEM image of (A) the fine surface structure found on a small wing hair and

apex and base of the large grooves.

(B) leg hair of the cranefly, which show grooves with ultra-fine channels at about 45°
which meet at the top and bottom of the larger grooves.

To investigate whether the architecture (i.e., the grooves) aided in a hair’s ability to resist
water penetration, individual type ‘a’ hair were coated with PDMS to maintain the chemical

contribution to the process Figure 7.2-5.
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Figure 7.2-5. The hairs which were covered with (A) a thin coating of PDMS still retained a
significant amount of the topographical structure (grooves) and (B) a thick coating
completely removing the grooves.

The interaction of individual hairs (uncoated and coated) with water droplets is shown in
Figure 7.2-6(A) — (D). Figure 7.2-6(A) shows a cranefly leg floating on water with the hairs on
the side of the leg dimpling the surface (highlighted by the arrows). Uncoated hairs attached
to AFM cantilevers were brought into contact with a water droplet with loading forces of up
to 1.26 uN and was unable to penetrate the surface (Figure 3.1-7). Figure 7.2-6(B) shows the
dimple on the droplet surface between points i and ii created by the contacting uncoated
hair. However the water surface became penetrable when effects from both types of groove
structures were removed by a thick PDMS coating (Figure 7.2-6(D)). A thinner coat of PDMS
completely covering the hair surface but without filling the deeper grooves was also unable

to penetrate the water surface (Figure 7.2-6(C)).
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Thick coat

Figure 7.2-6. Optical images showing (A) cranefly hairs on the side of the leg dimpling the
water surface (highlighted by arrows). Interaction of individual cranefly hair (type ‘a’) with
water. (B) An uncoated hair not penetrating the water surface as observed by the
formation of a dimple on the droplet surface from points i to ii. (C) A thinly coated hair
also dimpling the water surface. (D) A thick coated hair penetrated the droplet surface.

AFM adhesion measurements were carried out on uncoated and coated hairs interacting
with water. The results showed that uncoated and thin-coated hairs yielded similar
adhesion values (17.9 + 4.3, 35.6 £ 6.2 nN, respectively) suggesting that the deeper grooves
were still prominent with a thin coating (Figure 7.2-5(B)). The adhesion of the thick coated
hair (the width of which was still similar to the uncoated hair) with water became more than
ten times larger than that without the surface structures (in excess of 500 nN) this highlights
the significant role of the hairs’ nanoroughness in both reducing adhesion and resisting

water penetration.

The results from interacting individually coated and uncoated hairs with droplets shed light
on the importance of the micro/nano structuring in repelling water from the wing surface.
The hairs which were covered with a thin coating of PDMS still retained a significant amount

of the topographical structure (grooves) as seen in the SEM images in (Figure 7.2-5(A)).
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These ‘thin coated’ hairs, like the uncoated hairs, did not penetrate the water surface under
load. ‘Thick’ coated hairs where the topographical structure components were reduced or
completely removed (Figure 7.2-6(C)) resulting in @ much smoother coating did however
penetrate the water surface. Moreover, the spring constants of the coated hairs did not
alter enough to account for hair penetration (see Section 2.1.1.2 for method of determining
spring constant). This indicates that the micro/nano roughness consisting of the open
architecture of ridges with grooves is responsible for this effect as the chemistry is
maintained (for thin and thick coats) and only the topographical component was being
altered. The much finer grooves did not appear to significantly contribute to the resistance
of water penetration as these were removed by a thin coating. The higher adhesion values
measured on thick coated hairs in comparison to thinly coated samples also support findings
that the larger groove structure is the important feature in minimizing contact with the

water body.

An ideal architecturally enhanced non-wetting surface has the maximum ability to withstand
water intrusion while allowing the liquid to have maximum mobility on the surface (with
high CA and low CA hysteresis). However a trade-off exists between enhancing the two

properties when using only one layer of architecture (Bush et al., 2007, Extrand, 2006).

In order to maintain high hydrophobicity and buoyancy, air needs to remain within the
asperities underneath the liquid body. Dense asperities are less likely to be protruded by
water and are found on the legs of the fast swimmers like the water strider (Bush et al.,
2007). The legs have a high f; that pins the solid-liquid-air contact line requiring high

pressure to drive out the air.

Unlike the water striders (Wei et al., 2009), the craneflies do not experience high
hydrodynamic pressure from its leg strokes and thus may not require a dense type ‘a’ hair
layer (Figure 7.2-3 (A)) (Lafuma and Quere, 2003). It may be desirable for the most
protruding hair layer (type ‘a’) of the cranefly legs to be less dense (up to 10 times more
sparse) than the water strider to increase droplet mobility. More rigid hairs (spring constant
twice as high) are also more desirable in order to resist surface tension drawing the long

hairs ¢ 3 times longer) together (Perez-Goodwyn, 2009).
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Despite being longer and thicker, the adhesion of the hairs of the cranefly legs are similar to
the water strider (Watson et al., 2010 ); both being greatly reduced by their surface grooves.
The micro-grooves not only contain more air to increase buoyancy and hydrophobicity, they
also reduce the adhesion to water and to other undesirable surfaces as well as providing

structural rigidity without the additional weight and material.

The four types of hairs (Figure 7.2-3 (A)) with different structure and dimensions may play
different roles for the insect functioning. Many insects have multiple layers of features on
their cuticles that combine to prevent wetting by water bodies of different length scales
(Andersen and Cheng, 2005, Watson et al., 2010a, Watson et al., 2008c). As shown in Figure
7.2-3 it is the long hairs (type ‘a’) on the legs which will first come into contact with water
bodies as they extend beyond the smaller hair piles. Loading pressure from a large water
body causes the taller hairs to collapse towards the shorter hair layers until the loading
force is balanced by the combined stiffness from all the contacting hairs. The thick shorter
hairs have a curvature that aligns the top half of the hair with the free surface forming a
more efficient air-trap (Cheng, 1973). The multi-layer hair is a feature in other semi-aquatic
insects where an air plastron for submergence is required (Perez-Goodwyn, 2009). Type ‘c’
and ‘d’ hairs may also contribute to functions other than anti-wetting due to the small hair

lengths (e.g., sensory (Perez-Goodwyn, 2009)).

Small water droplets that fall between the long hairs (type ‘a’ and ‘b’) can be prevented in
contacting the underlying membrane by the shorter hairs beneath (type ‘c’ and ‘d’). The
mobility of droplets (mist or other smaller droplets) generally increases as they coalesce
with a corresponding increase in mass. Some smaller droplets may also become absorbed
by larger droplets from above which will then roll off (Watson et al., 2010a, Watson et al.,

2010b).

The hairs on the legs of the cranefly and water strider have a very similar tilted arrangement
and the alignment of the hair grooves. Anisotropic wetting is reported on the water strider
leg as the water contact line has higher mobility when advancing toward the tip of the leg
(Andersen and Cheng, 2005). A similar wetting action may be possible on the cranefly with
the finer diagonal grooves further enhancing anisotropic mobility. Also, the similarity

between the fine structure of the cranefly, smaller wing hairs and water strider leg hairs
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(Watson et al., 2010 ) suggests that droplets may roll off more easily along the direction of

the patterning.

7.3 CHAPTER SUMMARY

Enhanced by various hair arrangements and their grooves, the low adhesive and wetting
properties of the cranefly cuticle allow the insect to interact with a variety of environmental
surfaces and conditions where the insect can be immobilized. These findings may contribute
to the next generation of bio-inspired materials and devices for the control of interactions at
solid-liquid interfaces on macro- and micro-/nano-scales (e.g., the next generation of bio-
inspired materials, the design of future robotic insects where weight constraints and surface
feature durability are important considerations). Our results support an earlier hypothesis
that suggested structures on this length scale (micro-/nano-grooves) found on water

striders can resist water adhesion.

98



8 SURFACE MICRO-STRUCTURE FLEXIBILITY: ADVANTAGEOUS FOR
LACEWING CUTICLES REQUIRING WATERING REPELLING

MECHANISMS

8.1 INTRODUCTION

Understanding the relationship between the structure dimensions and the corresponding
functional mechanisms at the micro/nanoscale range is essential for creating the next
generation of functional surfaces. In a variety of industrial applications and future
technologies, controlling the adhesion between solid-solid and solid-liquid contacts for
example is important. As mentioned previously in Chapter 1, insects with large wing surface
areas are the most vulnerable to contamination where water and/or solids may potentially
impede flight or immobilise the organism. Many of these insects have adopted hydrophobic
structuring on their wings also resulting in ultra-low adhesive surfaces. For example, on
cuticles of the primitive mayfly and stonefly subimagoes are small hairs which help them to
emerge from water. Interestingly, these mayfly hairs are not present on their subimagoes

that emerge from land (Vukusic and Sambles, 2003, Watson et al., 2008a)

Living in an environment with little protection against rain and other wetted surfaces the
lacewings with a large SM are good candidates for suffering detrimental effects from
contacts with contaminant particles or water. Adult lacewings have superhydrophobic wings
arising from a combination of low surface energy chemistry and a number of structural
features that reduce surface area contact. The dense netting (Figure 4.2-1(K)) and wax
crystals cover the membrane and the combined surface roughness minimise the solid-liquid
contact area by allowing air in topographically favoured regions such as troughs and surface
depressions leading to a superhydrophobic CA. The nanostructures are also on the hairs

which significantly lower their adhesiveness and wettability (Watson et al., 2010b).
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Figure 8.1-1. SEM image of the fine surface structure found on a hair with grooves and
ultra-fine channels at about 45° which meet at the top and bottom of the larger grooves.

Similar to cranefly hairs, the hairs on the lacewing wings are the first line of defence against
contact with undesirable (solid or liquid (Bormashenko, 2008)) surfaces. This is true for
surfaces of all bodies that are larger than the hair lengths and spacings (i.e., the hairs reduce
contact against surfaces from bulk bodies to particles in the millimetre scale) and could
hinder the insect’s mobility. The hairs may also serve to protect the underlying hydrophobic

wing membrane structuring.

Hairs on insect surfaces have been reported to also serve aerodynamic functions (Watson et
al., 2010b). The downside is they also provide more surfaces for the attachment of sub
millimetre particles that they are not designed to contend against. In small amounts these
smaller solid or liquid contaminants that are able to contact the wing membrane in between
the hair spacings are not likely to significantly weigh down and hinder the insect’s mobility.

Moreover, they are likely to be dislodged by the mechanical forces during insect flight.
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8.2 RESULTS AND DISCUSSIONS

The wing surface of the adult Nymphes myrmeleonides when viewed with a compound
microscope (Figure 8.2-1) shows the venation on the lacewing that divides the membrane
into cells which become more elongated towards the tip. Along the veins, the hair spacings
range from 0.12 to 0.05 mm while the width of the cells (the hair spacing across the cell)
range from 0.05 to 12 mm. In the tip region of the wings, the hairs are more tightly spaced
along the veins (around three times) and the cells are more elongated with a higher ratio of
perimeter to surface area. The hair lengths are consistently ca. 150 um throughout the
whole wing. Their incline angles generally range from 30° to 60° away from the plane of the
wing and up to 90° away from the veins (viewing from the top). The tilt arrangement is
similar to the hairs observed on the craneflies (Chapter 7) and water striders which are
needed to maintain function above the surface of the water (Watson et al., 2010) and
provide the wing surface’s directional wetting property. The hairs on the lacewing have
been described in a recent paper (Watson et al.,, 2010b) and like the hairs on the cranefly

they have a nano-structuring (grooves) along the shaft (Figure 8.1-1).

Figure 8.2-1. Cells at the tip region which are more elongated and showing higher hair
density than the base region (see Figure 8.2-2 for comparison). Hairs generally inclining
towards the tip of the wing (right hand side of the image).
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Water drops on the cuticle surface generally fall under two types. The first type were those
with low mobility (referred to as ‘Wdrops’ in the text) which include most mist drops and
other larger drops that have high solid-liquid contacts with the wing. The second type
(referred to as ‘Cdrops’ in the text) are drops with high mobility that are difficult to place
with a pipette on a wing sample laid flat. Cdrops are generally much larger and are
supported on the tip of the hairs making little or no contact with the underlying membrane

underneath.

In order to investigate the efficiency of contaminant removal of the wing, the surface was
exposed to two different types of water droplets (large droplets and mist) when the surface
was seeded with two types of contaminant particles (Figure 8.2-2). Silica beads (KOBO MSS-
500/20N) ranging from 8 to 64 um (average 20.84 um) in diameter were dispersed using a
polyethylene pipette (Livingstone PTPO3) onto the wing with a density between 40-
170/mm? (Figure 8.2-2(A)). Poly[methyl methacrylate] (PMMA) beads (Bangs Laboratories,
Inc. BBO3N/5436) were dispersed similarly with a density between 6~90/mm? (Figure 8.2-
2(B)). The PMMA beads were ~83 +7 um in diameter to mimic larger contaminants. Both Si
and PMMA beads are hydrophilic and will adhere to water due to the strong capillary force

once they come into contact.

Figure 8.2-2. (A) Base region of the lacewing wing observed under an optical microscope
showing light Si bead density and bead size range. (B) Typical density of PMMA beads
dispersed on the lacewing.

Large droplets (ca. 33.5 mm?, spherical radius 2 £ 1.3 mm; more than three times the width

of a largest cell on the wing membrane) of double distilled water (ddH,0) from a
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polyethylene pipette (Livingstone PTP03) with surface area of ~50 mm? were applied onto
the base of the wing with the nozzle of the pipette approximately 0.3 cm away from the
sample. With the wing base orientated at the top allowing the droplet to roll down along
with the inclination of the hairs and off at the tip of the wing. When these large drops are
deposited from a pipette onto the wing surface they roll off and the wings remain
completely dry. The wettability of the membrane by these large Cdrops is indicated by the
removal of the deposited Si beads which decreases with the increase in hair density of each
region (Figure 8.2-3). The removal efficiency was calculated as a percentage after contact

with 15 large drops.
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Figure 8.2-3. Comparing the effect of hair density on bead removal by Cdrops. The graph
shows a higher removal at regions with lower hair densities.

Smaller droplets (Wdrops) consisted of ddH,0 mists (ca. 0.22 pL, spherical radius 37.55 + 20
um; three times less than the width of a small cell on the membrane) with surface area
0f~0.018 mm?* were sprayed from a trigger sprayer 50 cm away from the sample setup in the
same orientation as that used for larger droplets. From this distance, the hydro-force from
the trigger sprayer is assumed to have negligible effects on the experimental results. The
remaining Si beads after each experiment were counted. To compare the effectiveness of
cleaning by the two methods of wetting, beads removed from 15 sprays were compared to

that from 15 large drops. The surface area of one large water drop wetting a contaminated
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wing sample was similar to the combined surface area of all the mist droplets landing on the

wing surface ¢2800 from one spray (2800 X 0.018mm?~ 50mm?)).

Mist drops can be trapped within the hair layer and some remain on the wing after spraying.
Some mist Wdrops were observed to be stuck to a highly wettable region and unable to

remove contaminants.
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Figure 8.2-4. Comparing the effect of bead removal by the two wetting methods. The
difference in the effects is more obvious at high hair density regions where the large drops
removes less beads (Figure 8.2-3).

The effectiveness of hairs against wetting by Cdrops is shown in Figure 8.2-3 where at low
hair density regions (<25 mm™) more beads were removed which indicated higher wetting.
The hairs reduce wetting to the membrane by Cdrops especially at the wing tips where the
hairs are more abundant (>100 mm™) resulting in a lower efficiency in beads removal.
Interestingly, Figure 8.2-4 shows that the smaller mist drops which are less mobile remove

more beads than the large drops (discussed later).

Due to the low energy surface and surface structuring of the adult lacewing cuticles, it is
unlikely that during their short adulthood in their environments their wings will be

deposited with a high density of small contaminants similar to that shown in Figure 8.2-2.
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Individually, the weight of these small contaminants (<0.36 ug which is less than 1% of the
mass of one wing) are unlikely to affect their flying abilities. Resistance against larger
masses or adhesive surfaces that could hinder the insect's mobility (e.g., bulk water

surfaces) is more vital.

The hairs support the weight of large Cdrops and reduce the drops’ contact with the wing
membrane. Together with the hairs’ flexibility the droplets are highly mobile on the wing
surface. Near the base region of the wing where the distance between neighbouring hairs
are further, drops in this region are likely to have more contact with the underlying
membrane. Although this will result in a larger cleaned area, the surface in this region is also
more vulnerable to pin a Cdrop which can potentially transform into a Wdrop. The drop may
be pinned if the combined restoring force of all contacting hairs is not large enough to
support the drop to roll past the area. The drop thus loses its mobility and remains stuck to

its location.

Unlike smaller contaminant particles, a much heavier water drop (~0.03 g) could potentially
hinder the lacewing’s flying ability especially wetting to the tip of the wing. The likelihood of
complete wetting to the tip region is greatly reduced by the smaller gaps between the hairs
((Figure 8.2-3). As the tip of the wing is located at the extremity of the insect it is more likely
to contact other surfaces when flying (e.g., water wetted surfaces). The tip region requires
and has higher resistance to water invasion also in the case of contact with bulk adhesive

water surfaces (water catchments such as ponds, lakes etc.).

Applying drops from a distance above the membrane surface imposes a kinetic energy
which will induce hairs bending towards the membrane. A large area on the membrane can
thus be wetted (a higher bead removal) as a result before the drop is pushed away by the
restoring forces of the hairs. Bhushan et al. (Bhushan et al., 2009) applied artificial rain
drops on an artificial superhydrophobic surface and observed that small contaminant
particles trapped within the cavities of the surface microstructures were not able to be
collected without sufficient impact pressure from the rain drops. The flexibility of the hairs
cushioning the drop impact allowing them to bounce off (repel) without dispersing even
when dispensed more than 10 cm from above the wing sample. This occurs even when the

wing is supported/fixed to a rigid substrate (a glass slide) (normally the flexibility of the wing
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would also contribute to soften the impact). Hence superhydrophobic surface structures

that are flexible could be an advantageous feature on an anti-wetting surface.

The hair surface grooves and channels (Figure 8.1-1) may possibly improve the hair stiffness
without adding to the mass and volume of the hairs. They also help reduce contact adhesion
and increase the hydrophobicity of the hair surfaces (Hu et al., 2011a, Watson et al., 2010b).
Groove structures have been shown to redirect local air-flow resulting in drag reduction

(Howard and Goodman, 1985, Bushnell and Moore, 1991, Howlett, 1995).

The smaller Wdrops were seen to adhere to the side of the hairs as shown in Figure 8.2-5.
The presence of the hairs helps reduce wetting to the membrane by catching mist droplets
including the ones that are smaller than the hair spacings. It is clear from Figure 8.2-5 that
many of the droplets are adhered some distance from the hair base. These mist Wdrops and
other adhesive small particles will be more accessible for removal by large Cdrops rolling

past the area (discussed later).

Figure 8.2-5. Hairs prevent wetting of the membrane by water drops landing on the wing.
These round drops show low adhesion to the hair can be easily be cleared away by a
larger drop rolling past on top of the hair layer.

Despite both the hair and membrane surfaces having structurally enhanced hydrophobicity,
mist drops landing on the wings exhibit low mobility. The design of the wing’s
hydrophobicity (in view of the hair spacing) appears to contend against water bodies larger
than 2 mm (larger than the width of a larger cell). Whether the mist droplets initially land on
a hair or the membrane, it was observed that as coalescing continues upon further spraying,

the mist droplets are likely to end up pinned at the hair bases. Despite the lack of mobility,
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results show that the mist droplets have higher ability to remove more contaminants which

suggest that not all the drops remain permanently trapped within the hair layer.

Figure 8.2-6 are screenshots taken from a video at various time intervals showing the mist
drops on the wing tilted at 45° can coalesce and make the transition off the membrane to
the top of the hair layer (i.e. Wdrops becoming Cdrops). Transiting from Wdrop to Cdrop

seems to be a path requiring less energy than rolling through the hair layer.

Figure 8.2-6. Series of video images showing at [0:00] two droplets (highlighted) on a
sample tilted at 45° and coalescing together to the centre of the frame at [2:00] (shadow
in [1:00]). At [11:00] has transited to the tip of the hair (shadow in [6:00]) before rolling
off at [12:00] after further mist application.
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Regions around the hair bases are least accessible by Cdrops(Figure 8.2-7) but are gathering
areas for smaller mist droplets. Despite all parts of the wing being hydrophobic, the
mechanism of cleaning around the hair bases is quite different due to the hairs hindering
the mobility of the Wdrops. Rather than being collected by Cdrops rolling on the surface,
the contaminants are picked up by the growing Wdrops as their solid-liquid contact area
spread. Similar to the self-cleaning mechanism on a superhydrophilic surface the Wdrop can
run off the surface if it spreads past the edge of the wing. Otherwise the drops would

coalesce to a larger size and will move off the wing by firstly transiting to Cdrops.

Figure 8.2-7. Wing cleaned by Cdrops. Beads remain are mostly those near the veins.

A possible mechanism of removing sticky Wdrops from the wing surface may be explained
by the nanostructure of the hairs. The lacewing hairs have similar surface groove alignments
as the hairs on the water strider legs (Watson et al., 2010 ) and craneflies (Hu et al., 2011a)
(Chapter 7) which direct wetting along the length of the hair. As the drop at the base of the
hair grows larger, its centre of mass shifts away from the membrane. On a tilted sample the
Wdrop would eventually reach a size causing the supporting hair to bend significantly
allowing the drop to shift towards the tip of the hair and detach from the membrane (Figure

8.2-8). The Wdrop has transited to a Cdrop and it rolls off the wing on the tip of the hairs.
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Figure 8.2-8. A schematic diagram presenting a Wdrop adhered to the base of the hair on
a tilted sample grows in size and detaches from the membrane.

There are other examples in nature where small water drops on hydrophobic surfaces are
required to grow to a large enough size before they become useful for the surface removal
mechanisms. The beetle Stenorca that inhabits the Namib desert have hydrophilic spots on
their hydrophobic wings that are gathering areas to help them collect drinking water from
moisture in the air (Parker and Lawrence, 2001). The mechanism involve the fog drops
deposited on the wings to coalesce on the spots until they reach a size allowing them to be

blown by the wind towards the beetle’s mouth (Bush et al., 2007).

Figure 8.2-9(A) shows that even without the aid of gravity, a large Wdrop in contact with
multiple hairs on a sample laid flat is able to make the vertical transition to above the hair
layer. Schematically represented in Figure 8.2-9(B) the Wdrop experiences a squeezing
pressure from the contacting hairs and will grow to a point when it becomes less favourable
to remain constricted within/between the hair layer. The transition is normally triggered
when the drop combines with another in close proximity. The resulting excess kinetic energy
from the coalescence and change in surface energy (which is up to ten times the energy
barrier for Wenzel to Cassie-Baxter transition (Boreyko and Chen, 2009)) could also help the
vertical transition. Once coalesced and transitioned (repelled) out of the hair layer where
the solid-liquid contact is reduced, the highly mobile Cdrop carrying contaminants can easily

roll off Figure 8.2-9(C).
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Figure 8.2-9. (A) Highlighted drops at [0:00] coalesces and becomes a Cdrop in [1:00] (red
line added to show movement). Another Wdrop-Cdrop transition on the left at [6:00]

where the highlighted drop in [5:00] combines with a drop behind it.




Figure 8.2-9. (B) A schematic diagram presenting a Wdrop to Cdrop transition on a sample
laid flat. The Wdrop is squeezed by the contacting hairs as it grows in size.

Figure 8.2-9.(C) The larger highlighted drops at [0:00] coalesces with a drop behind. Picks
up the other highlighted drop as it moved to the top right corner of the frame in [1:00]
and [10:00]. Detaches and rolls off at [20:00] after further mist application.
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Another experiment was conducted with the tip end of the contaminated wing (orientated
at the bottom) covered (but not touching the hair layer) from 15 sprays of mists. Although
the covered region remained dry, there was a significant amount of beads removed (mainly
in areas away from hair bases) suggesting Cdrops (and not Wdrops) had rolled past over the

region.

Before rolling off the wing, these transited Cdrops are also able to pick up other
contaminants on the wing, especially large contaminants and particles adhered higher up
from the base of hairs. PMMA beads were used to mimic larger contaminant particles and
Figure 8.2-10 show that their removal by Cdrops is much higher due to higher accessibility.
Wdrops adhered to the wing surface can also be removed by washing with Cdrops (for
instance from a pipette) (also reported on other insects (Watson et al., 2010a)); an

interesting method of drying a wet sample surface with water.

Removal by large drops
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Figure 8.2-10. Compares the effect of bead size on removal by Cdrops. At high hair density

the difference is more prominent.

The water repelling mechanism (Wdrop transiting to Cdrops) is more likely to occur at
regions with dense hairs where the droplets have less space to grow and hence less mass

requiring less energy to transit against gravity to detach from the membrane.
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The nanoscale features on the membrane surface reduces contact and adhesion of the
beads on the wing and many of these beads can be shaken off by gently flapping the wing
sample by hand. Mechanical distortions from flapping of the wings by the lacewing during
flight should allow the contaminants to easily become dislodged off the surface especially at

the tip region which experiences the largest amplitude during flight.

For mist droplets and other contaminants of similar sizes, the existence of the hairs provides
more surface area available for adhesion. The increase in wing surface area however
enhances the insect’s aerodynamic performance by re-directing local turbulent near the
wing surface (Dudley, 2000). Vortices that are similar to those generated around the bases
of tall buildings (Baskaran and Kashef, 1996, Chang and Meroney, 2003, Greenland, 1989,
Meroney et al., 1999) in the urban areas might also be formed on the microscale around the
hair bases where drops and contaminants gather. Turbulent generated around these

locations during flight might possibly help dislodge the foreign particles.

Due to the larger dimensions of the hair features on the wing surface they are not effective
against the tiny mist drops. In small quantities the mist drops are unlikely to affect the
insect’s mobility significantly until they are large enough to weigh down the insect or
impede wing movement. The contacting hairs may also apply a (squeezing) force to increase

the potential for the drop to be dislodged when the insect moves it wings.

Water repelling and self-cleaning are two surface properties that often coexist. Evolution
may also intend for this water repelling mechanism to be a method of self-cleaning for
difficult areas (i.e. hair bases). Utilizing water drops of various sizes, this self-cleaning
mechanism involves gathering the small mist drops to the base of the hairs where they are
required and eventually transit to the top of the hair layer, where they become highly
mobile to remove other contaminants and Wdrops. The same experiment conducted on a
cicada wing show the contaminants and mists tend to pile at the corners of the cells (where
the veins cross) exposing a larger cleaned area where anti-reflection is maintained. The
mists gather at the corners until they are large enough to roll over the veins and off the

wing.

Cdrop mobility and stability are two conflicting properties where one can be increased but

at the cost of the other. The drop mobility can be increased by reducing the solid-liquid
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contact however by doing so reduces the stability of the water drop in the anti-wetting
regime. Liquid invasion by a Cdrop can be triggered by tiny droplets deposited in between
spacings of the surface structures (Mockenhaupt et al., 2008). These small droplets can set
off the Cassie-Wenzel transition if in abundance. Even the lotus leaves being exposed to
condensation or long lasting rainfall can become adhesive to large drops (Cheng and Rodak,
2005, Cheng et al., 2005, Jung and Bhushan, 2008, Mockenhaupt et al., 2008, Narhe and
Beysens, 2007, Wier and McCarthy, 2006).

It would be ideal to have both mobility and stability as highly efficient as possible however
while many have suggested ways of increasing superhydrophobicity without sacrificing the
anti-wetting stability (e.g., using multiple scale structures), very few (if any) have looked at
ways of self-restoring the superhydrophobicity of a drop corrupted from heterogeneous
(Cdrop) to homogeneous (Wdrop) regime. A restoring mechanism of removing a drop
saturating the wing surface (and the resultant Cdrop rolling off can leave behind a dry path)

has been observed on the wing of Nymphes myrmeleonides.

During its short adulthood, the lacewing is unlikely to encounter contaminants or mists in a
detrimental amount similar to what was exposed to the samples in this work. The
efficiencies of the water repelling and self-cleaning mechanisms introduced in this work are
limited by surface features constrained to serve other more dominant functions most
importantly the protection against large water surfaces. As it may be one of the less vital
functions for the insects’ survival, the mechanism may require some fine tuning to increase
its efficiency, possibly a secondary hair layer consisting of smaller hairs as reported on the
membrane of the brown lacewing (Micromus tasmaniae) (Watson et al., 2011b) to contend

with the finer mist droplets (Figure 8.2-11).
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Figure 8.2-11. Side view of optical microscope images showing microdroplets on a

Micromus tasmaniae wing. The droplets maintain their spherical shape and occupy
regions between the macrotrichia arrays, that is, on top of the microtrichia array.

Like many other insect cuticles that display multiple properties and functionalities, lacewing
cuticle is a surface displaying anti-wetting, self-cleaning and Wdrop repelling properties and
other aerodynamic functions. The idea of combining various bulk material properties
(thermal, optical, mechanical etc.) into a hybrid material is not uncommon (Vincent, 2008,
Ashby and Brechet, 2003, Eadie and Ghosh, 2011, Vincent, 2009). By understanding the
relationship between the shape of surface structures and their functional mechanisms, it
may become a future trend in man-made technology to introduce new functions and

multiple functions onto surfaces of synthetic hybrid materials.
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8.3 CHAPTER SUMMARY

The wings of the Nymphes myrmeleonides like many other insects are multifunctional
surfaces. Mechanisms for anti-contaminating, water resisting and removal and self-cleaning
all require low energy surfaces and the efficiency of these mechanisms depend on the
importance of the function to the lacewing’s survival. Removal of small beads by water
bodies larger than ~2 mm is prevented by the hairs which serve the more vital purpose of
reducing contact with foreign bodies that are large enough to immobilise the insect.
However the restoring forces from the hairs surrounding smaller water bodies on the wing
are responsible for repelling them away from the cuticle surface. Greater understanding of
this water repelling mechanism which involves flexible surface structures may lead to the
development of surfaces that can efficiently restore corrupted Cassie-Baxter droplets to

maintain superhydrophobicity and other functions on a tailored multifunctional surface.
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9 CONCLUSION

This thesis addressed a number of scientific problems focused on the control of adhesional
properties between surfaces (solid-solid and solid-liquid interactions). Adhesion, wetting
and frictional control between surfaces at a wide range of length scales is important in a
variety of industrial applications and future technologies including creating the next
generation of multifunctional, super adhesive and solid and liquid contamination resistant

surfaces.

Focusing on the correlated wetting and adhesional properties on a range of insect wing
membranes, Chapters 4, 5 and 6 utilised the AFM and the SEM to visualise and analyse the
nanostructures and properties of surfaces. The contact forces of contaminating bodies of
different length scales (and chemistry) were evaluated by measuring the strength of
interaction between particles with selected insect cuticle micro/nanostructuring. An open
framed intricate structuring characteristic of hydrophobic insect species showed minimal
adhesion with water and particles of all sizes and chemistry. Indeed many of the insect
species demonstrated a superhydrophobic interaction with water. As the growth of most
micro-organisms is provided by permanent or temporary water availability which can lead
to the formation of biofilms this superhydrophobic property may well protect the insects
from pathogens such as fungi and bacteria by limiting water availability. Some of these
insects may also encounter periods without rainfall and fogging conditions for self-cleaning
of wing surfaces. Low adhesion and friction may aid in these circumstances to minimise

contamination from foreign bodies and facilitate removal.

In contrast to the hydrophobic species examined, hydrophilic cuticles showed lower contact
angles and higher adhesion with particles. The different size-ranges were used to ascertain
the contact conditions of particles which would normally come into contact with the cuticle
surfaces. The unique topographical micro and nano structures found on the insect surfaces
demonstrate design characteristics and features for surfaces with low/high wettability,

adhesion and friction.
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The diversity of the structure topographies demonstrates a range of architectures suitable
for optimising surface properties and replication for man-made structures/applications.
Indeed a range of new materials (for example self-cleaning, antifouling, anti-reflective
surfaces) may well be utilised in environments where the surfaces are intermittently
submerged. Thus functionality must be maintained in both terrestrial and aquatic
environments. These new materials may constitute a marriage of structural and chemical
components/properties gleaned from both aquatic and terrestrial organisms. The insect
structures provide a set of well characterised ‘technologies’ which incorporate a range of
properties primarily focused on reducing adhesion with solid and water bodies. Many of
these insects displaying unique structural architecture also represent good candidates for

investigations in aqueous environments.

The second half of the thesis focused on the interaction of water droplets with hairs on the

cranefly (Nephrotoma australasiae) followed by the lacewing (Nymphes myrmeleonides).

Enhanced by various hair arrangements and their grooves, the low adhesive and wetting
properties of the cranefly and lacewing cuticles allow the insects to interact with a variety of
environmental surfaces and conditions that could immobilize the insect. The results
supported the hypothesis of Watson et al. (Watson et al.,, 2010) which suggested

micro/nanoscale structures found on water striders can resist water adhesion.

While many researches focus on preventing the corruption of composite drops on
superhydrophobic surfaces, a true water repelling mechanism that restores corrupted drops
was reported in Chapter 8. The mechanism was observed on lacewing cuticles when their
interactions with mist droplets were video recorded in real-time. The flexibility of the hairs
plays a role in the removal of little droplets once they coalesce to a size that can be

contended with.

Potential applications for these hair structures extend beyond the electromechanical field.
The surface area increased by the hairs could be used for moisture collection similar to the
wings of the Namib Desert beetle. Water repelling functions could also be imitated onto our
garments. The increasingly popular compression garments worn by athletes to improve

performance level require moisture removal technology (from rain, humidity or sweat) to
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minimise discomfort, absorbed weight and changes to the mechanical property (hence the

functional efficiency) of the textile (Gupta, 2011, Kang et al., 2007, Troynikov et al., 2001).

Relative to many other nanotechnology field and material science, the research in this thesis
is still in its infancy and will surely greatly benefit from more newly developed instruments
and methodologies. Further work will no doubt lead to the discoveries of many more
potentially useful mechanisms. Better knowledge of these surface properties and
mechanisms will lead to more efficient fine-tuned surface functions and smarter multi-

functional materials.
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Multi-Functional Insect Cuticles: Informative
Designs for Man-Made Surfaces

Hsuan-Ming S Hu, Jolanta A Watson, Bronwen W Cribb and Gregory S Watson

Abstract—Biomimicry has many potential benefits as many
technologies found in nature are superior to their man-made
counterparts. As technological device components approach the micro
and nanoscale, surface properties such as surface adhesion and friction
may need to be taken into account. Lowering surface adhesion by
manipulating chemistry alone might no longer be sufficient for such
components and thus physical manipulation may be required.
Adhesion reduction is only one of the many surface functions
displayed by micro/nano-structured cuticles of insects. Here, we
present a mini review of our understanding of insect cuticle structures
and the relationship between the structure dimensions and the
corresponding functional mechanisms. It may be possible to introduce
additional properties to material surfaces (indeed multi-functional
properties) based on the design of natural surfaces.

Keywords—Biomimicry, micro/nanostructures, self-cleaning
surfaces, superhydrophobicity
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Micro and nanostructures found on insect wings —
designs for minimising adhesion and friction
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Abstract: Adhesion and friction have been measured on insect wings where
contamination (water and/or contaminating particles) can potentially have a
detrimental effect on their flight capabilities or daily functioning. Adhesional
forces as low as 2 nN were recorded in air for particles with radii of 10-15 nm,
and 20 nN for particles of 31 mm radius. The effective coefficients of friction
were in the range of 0.01 to 0.10. The low adhesion and frictional values
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A Dual Layer Hair Array of the Brown Lacewing: Repelling
Water at Different Length Scales

Jolanta A. Watson,™ Bronwen W. Cribb,* Hsuan-Ming Hu," and Gregory S. Watson'

TSchool of Pharmacy and Molecular Sciences, James Cook University, Townsville, Queensland, Australia;
and *Centre for Microscopy & Microanalysis and School of Biological Sciences, The University of Queensland, St. Lucia, Queensland, Australia

ABSTRACT Additional weight due to contamination (water and/or contaminating particles) can potentially have a detrimental
effect on the flight capabilities of large winged insects such as butterflies and dragonflies. Insects where the wing surface
area-body mass ratio is very high will be even more susceptible to these effects. Water droplets tend to move spontaneously
off the wing surface of these insects. In the case of the brown lacewing, the drops effectively encounter a dual bed of hair springs
with a topographical structure which aids in the hairs resisting penetration into water bodies. In this article, we demonstrate
experimentally how this protective defense system employed by the brown lacewing (Micromus tasmaniae) aids in resisting
contamination from water and how the micro- and nanostructures found on these hairs are responsible for quickly shedding
water from the wing which demonstrates an active liquid-repelling surface.
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‘Patterning’ frictional differentiation to a polymer surface by atomic
force microscopy
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*Nanoscale Science and Technology Centre, School of Science, Griffith University; Nathan,
Queensland 4111, Australia

®Oxford University Begbroke Science Park, Yarnton OX5 1PF, UK

ABSTRACT

The surface structure and chemistry of polymers affect their functionality for a great range of applications in areas as
diverse as biosensors, corrosion protection, semiconductor processing, biofouling, tissue engineering and biomaterials
technology. Some of those applications require purposeful tailoring of laterally differentiated regions (e.g., array
structures for multi-channel/multi-analyte biosensors and patterning for promotion of selective adhesion of
cells/proteins). While such tailoring is currently taking place on the pm-scale, it is likely in the future to progress into the
nm-regime. Attachment of biological moieties at surfaces and interfaces has been shown to be highly dependant on local
chemistry at the intended site of attachment. Additionally, the local molecular-scale geometry may promote or hinder
attachment events, as in the case of biofilms. To date, however, the effect of frictional properties of surfaces for chemical
and biomolecular attachment is a much less understood phenomenon.

In this study we show controlled patterning of a polymer surface (polydimethylsiloxane (PDMS)) arising from
manipulation by Atomic Force Microscopy (AFM). PDMS is a bio-active/selective polymer having a broad range of
applications, such as biomedical devices, molecular stamps, hydraulic fluid devices and in soft lithography. The polymer
surface has been selectively altered by high speed scanning in order to generate regions on the surface that exhibit
differentiated frictional properties. By altering the loading force, scan width, and area of the AFM probe-to-polymer
contact it is possible to produce a variety of detailed and complex patterns with frictional contrast, including anisotropic
frictional gradients on the polymer surface. The controlled manipulation of the polymer surface can be carried out on the
micro-, meso- and nano-scale.

Keywords: Atomic force microscopy, PDMS, Stick-Slip, Polymer, Friction, Manipulation

1. INTRODUCTION

Precise manipulation leading to laterally differentiated regions on polymeric materials is required for a range of
applications/devices. Patterning surfaces will hinder or promote adhesion of various (bio)chemicals'”. Ton beam
sputtering, laser ablation, chemical etching and micro-ablation are just some of the well-established group of
technologies collectively referred to as micro-machining. Scanning probe microscopy (SPM) has now become an
addition to the variety of tools available. While some technologies such as chemical etching and ion beam sputtering rest
on a firm scientific basis, the underlying science is much less satisfactory in the case of mechanical manipulation by
SPM methods.

Current explanatory models for tip-induced manipulation of polymer surfaces are in their infancy. Earlier studies have
generally been based on insight gained from unrelated materials*® with some studies investigating polymer materials
scanned over reasonably small scan ranges (< 5x5 pum) with results showing polymer bundles forming as a result of
action by the AFM probe'®'*. The principal objective in this paper is to develop an understanding of tip-induced



manipulation of a soft elastic polymer, Poly(dimethylsiloxane), (PDMS), with a focus on the directional response of the
AFM probe during manipulation over 10 and 20 um” scan areas.

PDMS is now routinely used in a wide range of patterning and bio-chemical isolation and biomedical applications'*"’,

and has a multitude of potential applications including insulation and anti-fouling coatings®***. It offers a range of useful
physical, mechanical and chemical properties including transparency, surface hydrophobicity, constant and high ductility
over a wide range of temperatures, low toxicity, high electrical resistance, long-term stability and flexibility”. PDMS is
also used in soft lithography, which is of particular relevance to this study. The fabrication and use of micro/nano stamps
and fluidic channels using PDMS material has been demonstrated in a number of studies (e.g., [16, 24-26]). An
understanding of the tribological properties and lithographic outcomes from AFM manipulation of PDMS surfaces is a
necessary precursor for further technological exploitation.

2. EXPERIMENTAL SECTION

2.1. Specimen materials

PDMS (Sylgard®-184) was supplied by Dow Corning as a two part silicone elastomer. The base and curing agent were
mixed at a 10:1 weight ratio, spin-coated onto atomically flat silicon wafer substrates and cured in an ambient
environment (25°C and 55% relative humidity) for 48 hours prior to any analysis or manipulation. The average thickness
of the polymer was ca. 2 um.

2.2. AFM instrumentation

The work was carried out on a ThermoMicroscope TMX-2000 Explorer, based on the detection of tip-to-surface forces
through the monitoring of the optical deflection of a laser beam incident on a force-sensing/imposing lever. Scanning
with the instrument is implemented by probe/lever being in motion while the stage assembly remains stationary. In order
to cover the scales of lateral and topographical differentiation, a 130x130 pmz tripod scanner (z-range of 9.7 pm) was
used. The analyses were carried out under air-ambient conditions (20-23°C and 60-70 % relative humidity).

2.3. Probes

The probe consists of a lever with an integral conical tip attached at its free end. The tip-to-surface contact area defines
the interaction volume, whereby information such as topography, strength of in-plane and out-of-plane forces is
extracted. The contact area also represents the point at which purposeful manipulation is effected. Many polymers can be
considered as ‘soft’ objects. Therefore the imposition of forces at the point of contact will cause deformation and
indentation, and an increase in contact area. Thus it is necessary to use levers with force constants, ky, < 0.1 nNnm'' in
order to improve resolution and to avoid surface modification. Levers with ky >4 nNnm™ enable surface manipulation.

The characteristics of probes employed in the present study are listed in table 1. Beam-shaped levers were used in order
to ensure that only simple bending modes needed to be considered. The data for radius of curvature at the tip apex, Rrip,
aspect ratio (opening half angle) of the tip, A,, and surface chemistry (<10nm, <10° and native Si-oxide film,
respectively) are summarized from the suppliers’ specifications. The values of the force constant for normal deflection,
kn, of individual probes were determined from the resonance method described by Cleveland et al [27], and the torsional,
kr, and longitudinal, k , force constants were calculated from the standard expressions for a long and thin lever, described
by Gibson et al [28].

Table 2. Probe specifications.

Probe kn (nNnm™) kr (n!Nnm™") k. (nNnm™)
A 0.035 7.2 4.7
B 6.8 150 95
C 7.1 155 100
D 0.1 15 10
E 10.3 220 145
F 0.07 11 7.4
G 14 300 200




2.3. Imaging

Under normal topographical imaging conditions, the ‘over-scan’ along the fast scan direction, is typically ca. 25%, and is
a general characteristic of SPM instruments. This over-scan feature is intended as a means of removing the static friction
feature from images. Thus for 20x20 and 10x10 um® fields of view there were 4 and 2.56 um over-scans, respectively, in
the fast scan direction. The over-scan must be taken into account in this study due to the manipulation taking place along
the entire fast scan trace. The outcome was then imaged over a larger field of view with a soft lever. As a result the
imaged areas are quoted as 24x20 pm’ and 12.56x10 um®. Imaging of the manipulated regions on the polymer was
carried out immediately after alteration of the surface.

3. RESULTS AND DISCUSSION

3.1. Surface topography and tip indentation

A contact mode topographical image of a freshly spun PDMS surface is shown in Figure 1(a) in 3-dimensional
representation. In order to evaluate the polymer surface topography with minimal surface alteration the image was
obtained with probe ‘A’ in table 1, with a force loading < 20 nN. Subsequent scanning of a larger field of view than the
previously imaged region, revealed no discernible surface changes in characteristics/relief and no build up of displaced
material at the scan edges. The surface roughness for a 1x1 um” region was 0.5 + 0.1 nm.
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Figure 1. (a) Surface topography of a freshly spun PDMS surface shown in 3-D format. The contact mode image was obtained with
probe ‘A’ at a force-loading of < 20 nN. (b) Representative f-d curves obtained with probe ‘B’ for an incompressible surface, polished
Si, and a PDMS surface. The latter curve shows the extent of tip indentation of the polymer. Tip penetration/indentation of ca. 950 nm
is evident for an imposed force of ca. 600 nN. Subsequent imaging of the field of view after f-d analysis revealed total elastic
recovery, within the resolution of imaging.

Figure 1(b) shows the approach half-cycles of two representative force versus distance (f-d) curves obtained on a ‘hard’
surface (clean silicon wafer) and a PDMS surface. The f-d data were obtained with probe ‘B’ (with a spring constant
approximately two hundred times greater than probe ‘A”). The shape of the f-d curve taken on the PDMS surface shows
significant out-of-plane deformation of the polymer. At a force of 600 nN, there was an indentation, Az, of ca. 950 nm.
Using a model by Sneddon for deformation by a conical tip as a function of sample indentation®, Young’s Modulus for
the PDMS material was found to be in the range 3.1 - 7.6 x 10° Pa. The results are in good agreement with the values

quoted in the literature®®>?,

3.2. Stick-slip behaviour

The PDMS surface was scanned at moderately high force loadings in order to evaluate the extent of polymer
manipulation. The field of view was generated with a resolution of 300 lines. The velocity in the fast scan direction was
125 pms™, and the raster over a field of 24x20 um? was carried out in the constant normal force mode (with probe ‘C”).
The applied normal force was 950 nN and the fast scan direction (x-axis, 24 um) was perpendicular to the long axis of
the lever as shown in the inset in figure 2(a).

A lateral force image, shown in figure 2 (a), was obtained with a soft lever (probe ‘A’) which was used to scan after the
manipulation of the PDMS surface using a stiff lever (probe ‘B’). The channel depth and width, as revealed by
topographical images (not shown here), was found to be 160-260 nm and 0.4-0.6 um, respectively. The lateral force



image clearly shows the series of horizontal channels and sloping lines connecting successive channels (arrows) showing
the stick and slip mechanism, respectively, in the slow scan direction. The discontinuities/channels have an average
spacing of approximately 2.3 um. The location in the slow scan direction is incremented every two scanning lines in the
fast scan direction in order to generate the raster pattern. Thus the scanning stage movement for a 20 um image (slow
scan direction) incorporates 300 X 2 scan lines spaced 66.67 nm apart. Thus there will be ca. 69 scan lines for a 2.3 um
stage-path along the slow scan direction, equal to the number of traverses per trough.
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Figure 1. (a) Lateral force image of a manipulated region using a soft lever (probe ‘G’, table 1) showing the resulting stick lines and
the path taken by the tip during the slip stage (arrows). (b) Friction loop obtained using probe ‘H’ demonstrating stick-slip behaviour
in the fast scan direction. AV, represents the L-R detector signal with Ax showing the lateral (in-plane) displacement of the stage. (c) A
diagrammatic representation of the tip sticking, A to B (raster motion from 1 to 3 within a single grey band (channel) shown in the
inset), then slipping (white band) through to the next grey region. (d) Schematic representation of the fast scan stick-slip motion of the
lever.

Figure 2 (b) shows a representative friction loop acquired during the middle of a manipulating scanning cycle within a
stick line in the fast scan direction (probe ‘C’, table 1). The static friction is the regime in which the motion of the tip and
sample are coupled. The amplitude and spacing of the stick-slip features are also defined. The friction loop clearly
reveals stick-slip behaviour in the fast scan direction during the acquisition of an image and manipulation of the polymer.
Figure 2(c) shows a diagrammatic representation of the manipulation event. The tip begins its raster motion at point A
moving towards point B. This is illustrated in the inset whereby the raster motion proceeds from 1 to 3 within a single
grey band (channel). The tip becomes trapped within the grey horizontal bands which represents one full stick cycle. As
a consequence, only a small spatial region along the slow scan direction is imaged. Significant polymer deformation is
evident during this process due to the stick point being dragged along in response to the longitudinal/buckling force
imposed by the lever. Figure 2 (d) shows a schematic representation of the stick-slip behaviour in the fast scan direction
similar to that shown in figure 2 (c) for the stick-slip process in the slow scan direction. As the tip moves across the
surface (x-direction) it becomes embedded at the first stick point until a point of instability is reached between the



restoring force of the deformed polymer and the torsional force of the tip. This instability causes the tip to be released
thereby jumping to its next stick position, repeating the cycle in both the forward and reverse directions of travel.

3.3. Loading Force Dependence

An investigation of loading force dependence on lateral force, channel spacing and depth was conducted. Figure 3 (a)
shows a linear dependence of the lateral force on various force loadings using a stiff lever (probe ‘D’). At higher force
loadings the elastic limit of a softer surface will be exceeded thus resulting in plastic deformation. Trends between
loading force and depth (right axis) and spacing (left axis) is shown in (b). The depth and channel spacing increases with
loading force due to the tip being embedded deeper into the surface, causing an increase in contact area, greater trapping
and elastic deformation of the polymer (both in the x and y directions) The greater in-plane elastic force causes an
increase in the spacing.
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Figure 3. Dependence of lateral force (R = 0.999) (a), channel depth (R = 0.963) (right axis) and spacing between successive channels
(left axis) (b), on loading force using probe ‘D’ defined in table 1.

3.4. Scan Speed Dependence

A study of the dependence of scan speed on loading force, dynamic stick-slip amplitude (defined in figure 2 (b)), number
of stick-slip features and their spacing has also been undertaken. Figure 4 (a) shows representative data demonstrating a
clear dependence of lateral force on the scan speed in the fast scan direction (left axis). As the speed increases, there is an
increase in contact between the sides of the polymer surface and the leading face of the tip, resulting in an increase in
lateral force in the slow scan direction. Also, the probe may be increasingly restrained by the polymer. A similar trend
occurs in the fast scan direction, whereby the dynamic stick-slip amplitude (right axis in figure 4 (a)) increases. The
representative data presented in (b) shows a decrease in the number of stick-slip features (right axis) and an increase in

the spacing between them (defined in figure 2 (b)) (left axis).
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Figure 4. (a) Graphs showing a clear lateral force (R = 0.997) (left axis) and dynamic stick-slip amplitude dependence (right axis) on
the increase in scan speed. (b) Dependence of the number of stick/slip features (right axis) and their spacing (left axis) on scan speed
(R =0.957). Data obtained using probe ‘A’ in table 1.



3.5. Image Resolution Dependence

The dependence of the number of channels, spacing and depth on image resolution has also been studied. Table 2 below
indicates from experiments that the higher the resolution, the greater the number of times the tip traverses within a single
channel before slipping to the next stick point.

Table 2. Spacing between consecutive rasters (one raster = forward and reverse), and number of rasters per channel (x2 for the
forward and reverse motion) for 10x10 pm? image

Resolution One raster spacing (hm) # of rasters / trough (x2)
50%50 200 6
100x100 100 22
300x300 33 132
400x400 25 156
500x500 20 196

Figure 5 shows the general trends observed as the resolution was gradually increased, using probe ‘E’ and ‘B’ during and
after manipulation, respectively. The loading force of 465 nN during manipulation, scan speed of 125 pms™ and field of
view of 10x10 um* were all kept constant for consistency. The results show an increase in channel spacing and depth
after a resolution of 100 lines.
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Figure 5. Representative graph showing the spacing between channels (left axis) and their depth (right axis) increasing with an
increase in image resolution.

Figure 6 shows the general features of the stick-slip regime for high and low resolution image lithography. At a low
resolution (e.g., 50x50 or 100x100 lines), the incremental movement of the tip in the y-direction is greater (200 nm at
50x50 resolution) than that at a high resolution (66 nm at 300x300 resolution). This results in a lower number of rasters
within a channel allowing the tip apex to be removed from the stick region. As the resolution increases, the number of
rasters within a trough increases allowing the tip apex to become embedded further into the polymer surface, trapping the
tip more efficiently, and providing a stronger restraining stick region. This results in the reduction in the number of
troughs created over a scan area.
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Figure 5. Schematic representation of the general stick-slip features for high and low resolution image lithography. At a high
resolution, the raster increment, E1, is lower than the raster increment, E2, at a low resolution. The stick region is also greater at a high
resolution, that is, D1 > D2.

3.6. Homogeneous frictional architecture

By altering the loading force it is possible to induce or prevent the stick-slip phenomenon. Figure 6 (a) shows a friction
force image of a manipulated region on the PDMS surface. The manipulation was carried out at high force loading (ca.
600 nN) in order to induce stick-slip on the polymer surface, and thus create evenly spaced channels, as previously
described in sections 3.2 — 3.5. Figure 6 (b) shows a friction force image resulting from a lower force loading of ca. 200
nN. The outcome is a uniform, laterally differentiated region. The two distinctly different outcomes shown in figure 6(a)
and (b) demonstrate the ability to form homogeneous and inhomogeneous frictional surface profiles using manipulative
atomic force microscopy.

B, AR PR () : R i e : (b)
Figure 6 — (a) Friction force image of a manipulated region using a force loading of ca. 600 nN resulting in uniformly spaced channels
due to stick-slip. (b) Friction force image of a manipulated region using a lower force loading (ca. 200 nN) showing a uniform laterally
differentiated region.



By altering the scan angle, it is possible to produce features with various orientations. Figure 7 shows a topographical (a)
and a friction force map (b) showing details of channels with sub-um spacing created as a result of the stick-slip
phenomenon. The channels were scanned 45° to each other, thus creating precise mesh-like patterns. The line profile in
(c), corresponding to the image in (a), shows an average depth of the channels to be ca. 15 nm.
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Figure 7 — (a) Topographical and (b) lateral force images of two overlapping areas showing details of channels created at varying
orientations. The line profile in (c), corresponding to the topographical image in (a), shows the depth of channels to be ca. 15 nm. The
frictional force image (b) shows a higher frictional force within the channels.

Frictional force images in figure 8 show three manipulated regions within a single field of view, with the corresponding
friction loops revealing higher friction on the manipulated regions. Squares A and B are the result of three and four
repetitive rasters, respectively, using a high spring constant lever. The corresponding friction loops show the difference
in friction in the two squares, i.e., AFg of square A is lower than that of square B. Square C is the result of a single raster
over a 20x20um’ area, with a subsequent raster over a 10x10um? area (square D), creating a frictional ‘tier’. The RMS
surface roughness of the manipulated region on square B was found to be higher (ca 2.8 nm) than that of the surrounding

PDMS surface (ca 1.8 nm), for a 4x4 pm? area.
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Figure 8 — A frictional force image (left) showing four square regions shows the dependence on the number of successive rasters; three
for square A, four for square B, and one for square C. Square D is a result of an additional raster over square C once. The
corresponding friction loops (right) demonstrate that friction increased with the number of repetitive rasters. The slight distortion in
the images is due to thermal drift.

Figure 9 shows a variety of frictional architectures created on the PDMS surface by altering the loading force, scan size
and the number of successive scans. The image shows overlapping of both homogeneous and inhomogeneous features.
Squares A, B, D and E are created by maintaining a force loading below the point at which stick-slip is induced, thereby
creating uniformly frictionally altered regions. Several squares overlap creating ‘tiers’ of changing friction, e.g., squares
A, B and C. Stick-slip effects are apparent on square C.




4. CONCLUSION

Stick-slip effects have been observed in previous AFM studies; these have, in most cases, been restricted to atomic and
molecular scales*?’. In the case of AFM-based manipulation of polymers the focus has generally been on establishing
the dependence on loading force" ' ** 37 and/or temperature and number of rasters'>'*. The present results for PDMS
show, in particular, friction loop acquisition and analysis during manipulation, and describe in some detail the response
of the AFM probe when it is in dynamic contact with a soft elastic polymer surface.

Surface alteration has been correlated with the response of the probe to linear motion and to lateral forces imposed by the
relaxing polymer. An explanatory model was constructed with the aid of friction loop analysis, whereby the tip not only
sticks and slips within the trough, in the fast scan direction, but also from one trough to another, in the slow scan
direction. The process was consistently reproduced with levers with a spring constant of > 1 N/m. The in-plane
relaxation of the surface in response to tip-induced in-plane forces, dynamic stick-slip amplitude and stick-slip spacings
have also been examined.

By altering the scan conditions and probe parameters it is possible to carry out frictional patterning on a polymer surface
(in this case PDMS) at the micro and nano scales. The frictional patterning can be carried out to form intricate frictional
profiles. The pattered surfaces may have applications in regard to selective adsorption and separation of biological
molecules.
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