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Abstract
The aim of this thesis is to gain a better understanding of the constraints that affect
insect adhesion with an emphasis on biological constraints such as plant defences
against insects and the influence of abiotic factors on insect foraging. In chapter one of
this theses, a literature review on the mechanisms of insect adhesion, the influence of
attachment capabilities on foraging behaviour, plant-insect interactions, and synthetic
insect barriers is presented, focusing on hymenoptera and coccinellids as representatives
of the two basic insect pad types. In the following chapters we test the four leading
hypothesis regarding insect adhesion (Contamination, Fluid absorption, Surface
roughness and the effect of Surface Energy), before investigating the role of mechano-
sensing via insect antenna on substrate choice and finally probing the link between
surface properties and locomotion and adhesion. Throughout this thesis I use species of

Hymenoptera and Coccinellids as representative species of the two basic adhesive pad

types.
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Chapter one
Insect Attachment:

Mechanisms and Ecological Implications
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1.1 Introduction

The requirement for foraging animals to be able to adhere to surfaces with a range of
inclinations and physical properties has led to the evolution of adhesive devices
(adhesive pads, claws, prehensile tails) in many differing taxa, from mammals
(including possums and tree gliders: (Gorb, 2007)), to amphibians such as tree frogs
(Federle et al., 2006; Gorb, 2007; Smith et al., 2006), insect orders such as the
Hymenoptera, Phasmatodea and Coleoptera, as well as arachnids. The ability to adhere
to surfaces has evolved to such an extent that some insects (ants, flies, bees, beetles,
locusts, aphids, grasshoppers) and lizards (geckos, skinks, and anoles) are able to climb
microscopically smooth vertical surfaces and to adhere to surfaces even whilst hanging
upside down. Avristotle noted as early as the 4™ century BC the ability of geckos to run
up and down tree trunks in any bodily orientation (Autumn & Peattie, 2002; Hansen &
Autumn, 2005). To do this they have to be able to overcome both normal detachment
forces (forces acting perpendicular to the surface) and shear forces (forces applied
parallel to the surface) (Federle & Endlein, 2004; Federle, Baumgartner, & Holldobler,
2004; Federle et al., 2002; Gorb, 2005; Pearson, 2008), whilst still maintaining the

ability to move freely and with minimal energetic cost (Jander, 1963).

The ability to adhere to surfaces is crucial in all aspects of an insect’s life history.
Adhesion is important in mating (Bitar et al., 2009; Chapman, 2004; Frantsevich &
Gorb, 2004; Gorb, Hosoda, & Gorb, 2009; Niederegger, Gorb, & Jiao, 2002), foraging
(Chapman, 2004; Dejean et al., 2010; Eigenbrode et al., 2000; Federle et al., 1997;
Holldobler & Wilson, 1990), nest building (Eigenbrode, 2004; Federle, Baumgartner, &
Holldobler, 2004; Federle, Rohrseitz, & Holldobler, 2000) and the ability to resist attack

by predators (Attygalle et al., 2000; Eisner & Aneshansley, 2000; Federle,
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Baumgartner, & Holldobler, 2004). In order to survive, insects must be capable of
strong, yet quickly reversible attachment too many different substrates, from rough
bark, wax covered leaves and glaucous (waxy) stems, to soil, sand, and rocks. So
important is the ability to adhere to surfaces that many insects and arachnids have
evolved the ability to adhere to surfaces whilst supporting more than 10-100 times their
own body weight (Chapman, 2004; Dejean et al., 2010; Federle et al., 2001). Strong
attachment allows insects to carry large food items, as well as providing protection

against detachment by wind gusts, raindrops, and predators.

In the following sections a review of insect attachment mechanisms and their

implications in ecology is presented.

1.2 Adhesion and friction: basic concepts

The purpose of this Section is to provide a brief description of adhesive and friction
forces between surfaces, first for dry systems, and then for systems in which the
surfaces are separated by a thin film of liquid. Comprehensive discussions of adhesion
and friction forces may be found in standard texts, including those by Israelachvili,
(2010), Bowden & Tabor, (2001), and Mate, (2008). Adhesion and friction are terms
used to describe the forces acting between surfaces as a function of relative
displacement (Figure 1.0). The adhesive force between two surfaces is defined as the
magnitude of the force, which must be applied to separate the surfaces from contact.
The frictional force between two surfaces is defined as the force required to slide one

surface relative to another.
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Figure 1.0: Schematic representation of how the principles of adhesion and friction affect insects (image

shows stylised insect walking on flat surface in normal orientation).

Adhesive and frictional forces ultimately arise from the presence of intermolecular
forces. The strongest such forces are electrostatic forces between charged molecules
and those involved in chemical (covalent) bonds. However, electrostatic forces and
covalent bonds are not relevant in the case of adhesion and friction in insect adhesive
devices (Stork, 1980) and hence will not be considered further. In dry adhesion systems
van der Waals forces are the most important contributor to adhesion (Israelachvii,
2010). The van der Waals force is a ubiquitous long-range attractive force, which arises
from intermolecular dipole/dipole (‘Keesom’), dipole/induced-dipole (‘Debye’) and
dispersion (‘London’) interactions. The magnitude of the attractive van der Waals force
between two surfaces depends on the geometry and dielectric properties of the
interacting surfaces and is a strong function of the separation between the surfaces. The
van der Waals force F per unit area for two parallel flat surfaces separated by a distance

D is given by the equation:

F= [1]

" 6nD2
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Where A is the Hamaker constant. The magnitude of the Hamaker constant is
determined by the dielectric properties of the interacting surfaces, but is typically in the
range 102° — 10*° J. All surfaces adhere to each other to some extent because of van
der Waals forces. However, the magnitude of the van der Waals attraction between two
surfaces decreases rapidly as the separation between the surfaces is increased. The
reason that most surfaces do not strongly adhere is because they are rough, and hence
close contact between the surfaces occurs only at a relatively small number of points

(known as asperities).

There are two important approaches to increasing the magnitude of the adhesive force
between rough surfaces, both of which are employed to some extent by insects (as
discussed in detail in Section 1.2.1). The first is to increase the effective area of contact
by introducing a liquid between the surfaces. This liquid (which, in the case of common
adhesives, may later be allowed to solidify) fills in the gaps between the surfaces and
therefore increases the area over which the attractive van der Waals forces act. The
second approach to improving adhesion is to employ soft, often elastic, materials, which
can deform to allow intimate contact even with rough surfaces. Indeed all biological
adhesive pads characterised so far lizards (Geckos) (Autumn et al.,, 2006), Green Dock
Beetle (Gastrophysa viridula) (Bullock & Federle, 2009), grasshoppers (Perez et al.,
2006; Zhendong & Gorb, 2009) and tree frogs (Barnes et al., 2011) have a Young’s
modulus of < 100 kPa. This low Young’s modulus means the surface is pliant and in
this instance is referred to as making them °‘tacky’ allowing for adhesive contact
between surfaces with little pressure (Alphonsus, 2002; Dirks & Federle, 2011). This
has led to the prediction that all biological adhesive structures should be extremely soft

(Dirks & Federle, 2011).
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Friction refers to the force required to slide two contacting surfaces relative to each
other and the static friction force is the force required to initiate sliding. The kinetic
friction force is the force required to maintain sliding (at a given velocity). As with
adhesion frictional forces arise from intermolecular interactions, and two limiting
regimes may be identified. If two surfaces are in adhesive contact then in order to
initiate sliding some critical shear stress must be applied in order to break the adhesive
contacts between the surfaces. In the case that there is no adhesion between two
surfaces, friction arises because in order to slide the surfaces relative to each other the
asperities on opposing surfaces must be elastically or plastically deformed.
Approximate values of friction forces can be predicted using the following equation:
F.=ulL [2]

Where E. is the friction force, L is the load force (perpendicular to plane of contact,
which acts to keep the surfaces in contact), and is u the coefficient of friction. The
magnitude of p depends on the properties of the interacting solids (including the
magnitude of adhesive forces, surface roughness, and elastic moduli) but typically falls

in the range 0.04 — 1.00 (Huber et al., 2007).

1.2.1 ‘Wet’ adhesion and friction

As is discussed in Section 1.3.3, most insects rely on the presence of a liquid secretion
between the adhesive devices and substrate to increase adhesive forces by maximising

contact area (Figure 1.1).
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Substrate

Airie R o Liquid h
Insect pad
—_—
Friction
Adhesion

Figure 1.1: Illustration of the adhesive secretion in the contact region between the adhesive organ of an
inverted insect and an idealised flat substrate, the extent to which the secretion wets/spreads across the
substrate is related to the contact angle, R = the lateral radius of the liquid bridge, h = the thickness of the
liquid bridge. The arrows show in which direction the secretion has to resist both adhesive and frictional

forces, Og as defined by equation 3.

The presence of liquid in the zone of contact between two surfaces affects both
adhesion and friction. In the case where the liquid at least partially wets the surfaces
(i.e. where the contact angle 8 of the liquid on the surfaces is less than 90°) an adhesive
force, which is often significantly larger in magnitude than the van der Waals force, is
generated. This adhesive force arises because the curvature of the liquid/vapour (air)
interface results in the pressure in the liquid phase being lower than the pressure in the
vapour phase (as dictated by the Laplace equation). In essence if a liquid droplet is
trapped between two plates, then they will adhere strongly as long as the liquid wets
them with an angle 6; < m/2. The internal angle 65 is defined in Figure 1.1 above.
As the two surfaces are bought together the separation distance between them can be
defined as h. The droplet forms a capillary bridge between the two surfaces,
characterised by radius R and a surface area of A = mR?. The Laplace pressure within

the droplet is derived as follows:

l_cos@E
Ap=)/-<R 2 )z@ [3]
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Where P is the pressure within the droplet and y is the surface tension of the liquid. The

force within the droplet will be attractive as long as 6y < % Ifh <« R, it is equal to

F = mR? 20k [4]

The magnitude of this adhesive force depends on the separation between the surfaces,
using the worked example from de Gennes et al., (2003, p6), if a droplet of water is
trapped between two plates, using R =1 cm, h =5 um, and 8; = 0 (best case with

complete wetting of surfaces), using the Laplace equation gives a pressure drop of
Ap~§atm and an adhesive force F~10 N, which is enough to support one litre of

water.

The presence of a thin film of liquid between two surfaces also gives rise to viscous
force contributions to adhesion and friction as relative motion between the two surfaces
requires that the liquid flow. The magnitude of viscous forces will depend on the
viscosity of the fluid and the velocity of the flow, but will also depend on the geometry
of the system. For simple geometries the forces can be calculated using the equations of
fluid mechanics. For example, for two parallel circular disks of radius R which are
bridged by liquid film of thickness h, (Figure 1.2) the force F which must be applied in

order to separate the surfaces perpendicularly in a time t is given by:

_ 3ij4
T 4th? [5]

Where 7 is the dynamic viscosity of the liquid. For two parallel surfaces of area A
which are separated by a liquid film of thickness h, the friction force is given by the

equation:

F=21 [6]
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Where V is the relative sliding velocity of the surface. Finally, it should also be noted
that the adhesive force described by Equation 7 might lead to dewetting of the film of
liquid between two surfaces. Dewetting occurs when liquid is pinned by a contact point
allowing liquid to be drawn out of the contact area (Figure 1.2). Such dewetting would
give rise to dry adhesive contacts between the surfaces, which would further contribute
to friction in general as discussed by Israelachvii (2010) or more specifically by

increasing the rubberised ‘dry’ friction as discussed by Clemente and Federle (2012).

A

Air) Liquid C
B

Air > Liquid <
C

- WEN

Figure 1.2: Simple model of adhesion between two solid plates separated by a liquid bridge, this model

represents adhesion by surface tension (A), pulling apart the two surfaces (B) increases the air/liquid

interface which requires work/effort, (C) localised dewetting as plates are pulled apart.

1.3 Insect attachment mechanisms

Insects use two forms of adhesive device; sickle-shaped claws located on the terminal
segment of the legs (tarsi) and an adhesive pad, normally found on the terminal
segments of the tarsi, but which can also be found on other sections of the leg.
Individuals are able to switch between adhesive devices depending on the roughness of

the substrate (Dai, Gorb, & Schwarz, 2002a). On rough substrates the claws are used to

22



grip the surface asperities (> 30um), whilst on smooth surfaces, where the claws would

have no purchase, the adhesive pad is used.

1.3.1 Adhesive pads

There are two types of adhesive pad typically used by insects, commonly referred to as
‘hairy’ and ‘smooth’ (Figure 1.3-1.9). Some taxa such as Dermaptera (earwigs) and
Heteroptera (true bugs) use both pad forms. It has been suggested that in Zoraptera
(primitive flies), pad type may switch between flying and walking phenotypes (between
generations), depending on environmental pressures (Beutel & Gorb, 2006). Hairy and
smooth pad structures have evolved independently at least three times, although the
exact number of times remains the subject of debate (Gorb, 2005; Gorb, 2001; Gorb &

Beutel, 2001; Gorb et al, 2007).

The pad itself is typically made of a soft and deformable tissue, which can adapt to a
rough surface, providing for intimate contact (Frantsevich et al., 2008; Scholz,

Baumgartner, & Federle, 2008), as illustrated schematically in Figure 1.3.
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Figure 1.3: A schematic illustration of hairy (A and C) and smooth (B and D) adhesive pads. Both types
of pad allow for intimate contact with both smooth (A and B) and rough (C and D) substrates. Adapted

from Gorb 2005.

Hairy pad morphology

There is striking similarity between the hairs used for adhesion in insects, spiders and

lizards (Stork, 1983) (Federle, 2006; Gorb, 1998) (Figure 1.4-1.7).
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Figure 1.4: Helium lon Microscopy (HIM) images of Gecko feet at differing magnification, showing

organisation of setal types on adhesive pad. (Yang et al., 2011)

Figure 1.5: Helium lon Microscopy (HIM) images of Spider feet at differing magnification, showing

organisation of setal types on adhesive pad (Yang, et al. 2011).

Hairy adhesive pads in insects are covered with fine hairs (setae) suspended from a soft

deformable cuticle normally found at the ends of the insect tarsi (Figure 1.3, A, C;
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Figure 1.6). The setae can be fixed to the cuticle by either a socket, as in beetles, or
directly into the cuticle itself as in flies. Setae in many insects are hollow to allow for
the delivery of an adhesive secretion (Betz, 2003a) and are comprised of keratin like
fibres. Adhesive setae are elongated structures ranging from 10 to 80 pm in length
(Gorb et al., 2005; Gorb, 2001; Haas & Gorb, 2004; Willaims & Peterson, 1982). The
terminal elements of the setae are typically very thin (0.04 — 50.00 um) and often
bifurcated to enhance contact area (Gorb et al., 2007a). Setal types and densities vary
between species and sexes (Biata et al., 2009; Frantsevich & Gorb, 2004; Gorb, Hosoda,
Miksch, & Gorb, 2010; Gorb, Hosoda, & Gorb, 2009; Niederegger, Gorb, & Jiao, 2002;

Voigt et al., 2008). Representative images of hairy attachment pads are shown in Figure

1.6, while the differing morphology of setal tips can be seen in Figure 1.7.

Figure 1.6: Representative SEM images of hairy adhesive pads, A, Drosophila melanogaster, B,

Pyrochroa serraticornis, C, Adalia bipunctata.
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Figure 1.7: Differing setal tip morphology of hairy attachment pads, A & B, Pointed tips of the Colorado

potato beetle Leptinotarsa declineata (Voigt et al., 2008), C, Discoid tips from dead lead beetle
Chrysolina fastuosa(Gorb and Gorb, 2002) and D spatulae tips from the dock beetle Gastrophysa viridula
(Hosanda and Gorb, 2010). Scale bars A & B 20 um, C, 10 um and D, 2 um, sp, spatulae, sh, shaft, dt,
discoid tip.

The maximum adhesive force available to an insect possessing hairy pads is directly
correlated with the number of adhesive hairs it possesses (Stork, 1980a) and contact
area (see equation 3) (Soto et al., 2010; Varenberg et al, 2006), with smaller setal tip
area commonly compensated by increased setal density (Eimuller, Guttmann, & Gorb,
2008; Gorb, Gorb, & Kastner, 2001, Qian & Gao, 2006). The hairs employed by
geckos and most spiders are appreciably thinner than those used by flies (Persson,
2008); this may be because the hairs used by flies are adapted to deliver the adhesive
secretion and are hollow (Gorb, 1998), whilst the hairs used by geckos and spiders are
not. Although recent work (Peattie, Dirks, Henriques, & Federle, 2011), suggests that
an adhesive secretion may be used by arachnids as well. It has been suggested that
hairy pads in larger animals, such as geckos, can adhere through Van der Waals forces
alone (‘dry adhesion’). The jumping spider Evracha arcuata uses dry adhesion via tufts

of hair found on the terminal segment of its legs (scopula), forcing the hairs into close
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contact with the substrate (Kesel, Martin, & Seidl, 2003; 2004). It is worth noting,
however, that even the ‘dry’ adhesive systems used by geckos and some arachnids may
be augmented by capillary condensation of water at the points of contact between the
setae and the substrate (Barnes, 2007; Huber et al., 2005). In insects, however, hairy
pads are always used in conjunction with an adhesive secretion.
Smooth pad morphology

The smooth pad form of adhesive device is found on the pretarsus and in most insects is
comprised of a deformable membranous lobe that when combined with the claws allows
for traction and locomotion on most surfaces (Chapman, 2004; Gorb, 2001). Smooth
attachment devices can be both actively extended and retracted, as in Hymenoptera
(where the pad is referred to as the arolium (Gorb, 2001)), or constantly deployed as in
cockroaches (where it is called an epulanthae). The smooth extendible/inflatable pad is
a folded cuticle sack that is held between the tarsal claws and is inflated by hydrostatic
pressure controlled by the regulation of fluid reservoirs within the insect’s body

(Endlein & Federle, 2008).

For example, while building nests weaver worker ants form a living latticework of ants
that hold a series of leaves together while other ants from the colony pin the leaves
together. The workers anchoring the structure are required to form strong adhesive
contacts for many hours (Federle et al., 2001). Control of attachment forces is achieved
by mediating the contact area of the adhesive pad, with the adhesive force being directly
proportional to contact area (Holldobler & Wilson, 1983; Stork, 1980; Walker, Yulf, &
Ratcliffe, 1985). Smooth pads may be found either protected between the tarsal claws
(Figure 1.8 A) or on the terminal tarsal segments. However, as can be observed from
Figure 1.8, although referred to as ‘smooth’ these adhesive devices show a range of

topography and surface textures, including friction ridges and fribrillar appendages.
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Figure 1.8: Comparison images of differing morphology of smooth attachment pads of insects, (A)
scorpion fly (Panorpa communis) mid leg pretarsus, (B) great green bush cricket (Tettigoniua
viridissima) with fixed euplantulae, (C) pre tarsus of the hornet Vespas crabro (D — F) high magnification
images of (A-C) surface, respectively, (D) shows textured surface profile, €, shows hexagonal surface
structure of euplantulae, (F) ventral SEM image of V. crabro arolium showing striations running the
length of the axis. AR, arolium, CL, claws, TAR, tarsomer segment, SH sensing hairs, d, diostal
direction. Images adapted from (A & D) Beutel and Gorb, (2001), (B & E) Gorb et al., (2002), (C & F)
Frantsevich and Gorb (2002).

Although it is unknown how the adhesive secretion used by insects to maximise
adhesion is delivered into the contact zone in smooth pads it is generally agreed that the
arolium is in essence a fluid filled sack. Unlike setal hairs used by other attachment
pads there are no pores through which the secretion can be delivered, as such Gorb and
co-workers hypothesise that it is a sponge like structure holding the adhesive secretion
in a fluid matrix (Beutel and Gorb, 2001; Gorb et al., 2002) (Figure 1.9), releasing it
into the contact zone under the application of direct pressure and recovering fluid

between steps through absorbance.
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15 _
Figure 1.9: Internal structure of smooth attachment pads of (A) Tettigonia viridissima euplantulae, (B),
Red Black Frog Hopper (Cercopis vulnerata) (Beutel and Gorb, 2001), C, internal rod like structures of
T. viridissima at ~ 45° to the surface (Gorb et al., 2002), D, SEM image of internal structure of the locust
Locusta migratoria showing crosslinking of internal rods, E, fluorescence microscopy of L. migratoria
pad under UV (green and red band, superimposed) showing increased density of crosslinking towards
outer surface (Goodwyn et al., 2006. SF surface, RD chitinous threads, Sl surface layer, bl branching rod

layer.

Pad detachment
Leg movements mediate attachment and detachment of the pads, through a peeling

action similar to that of pressure adhesive tape (Figure 1.10).

(@) (b) ‘

Tensile
load

f Distance
Figure 1.10: Simple schematic of peeling action of pressure sensitive tape from a flat surface, not the
force applied to peel the tape from the surface gives rise to compressive forces behind the line of peeling

(figure adapted from Vogel, 2003).
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By pulling the pad in a proximal direction (towards the insect’s body) attachment is
enhanced; moving the pad in a distal direction (away from the insect’s body), reduces
attachment forces and allows the pad to be pulled off the substrate (Federle, 2006;
Federle, Baumgartner, & Holldobler, 2004; Federle et al., 2001). As discussed below,
most insects also deploy an adhesive secretion between the pad and substrate in order to

enhance the attachment forces.

The ability to vary the degree of contact between a surface and an insect’s tarsal pad has
evolved not only to deal with changes in substrate surface properties (Gorb, 2005), but
also with differences in insect orientation and environmental influences. The rate of
tarsal pad detachment, achieved through a peeling motion, is directly proportional to the
total contact area used at any given time (Federle et al., 2001). Contact area can also be
mediated by changes in gait patterns, in common house flies (Musca domestica) gait
patterns changed in response to both physical orientation and the physical condition of
individuals (Niederegger & Gorb, 2003; Niederegger, Gorb, & Jiao, 2002). Flies with
removed tarsal claws took longer over some detachment actions depending upon both

the direction and orientation of movement (Niederegger & Gorb, 2003).

Federle & Endlein (2004) have also shown that the Asian weaver ant Oecophylla
smaragdina uses only a fraction of the total pad contact area available to them, even
when walking upside down. However, contact area, increased when the ants were
loaded with weights. On a smooth substrate with no load O. smaragdina used 14% of
its pad area, whereas under loads of 30 mg the ant used 60% of its pad area. It has been
hypothesised that the use of the full pad in the ‘freezing-response’ events (used in

defence from predation or to increase attachment when subjected to increased wind

31



conditions), results in an increase of adhesion through an increase in pad contact area at

the cost of reduced locomotion (Endlein & Federle, 2009; Federle & Endlein, 2004).

Within the order Hymenoptera arolium extension is controlled through a combination of
active and passive means triggered by leg movement (Federle et al., 2001; Gorb, 2007).
Under normal conditions on rough substrates the arolium is not used, as the claws are
able to interact with the realativly large surface asperities on the substrate (Endlein &
Federle, 2008). Once the claws slip on a surface passive deployment of the arolium
occurs, locking on surface irregularities to increase leverage and traction. While on
smooth substrates once the tarsus moves past a critical angle the claw flexor muscle and
downward force acting on the arolium causes the smooth adhesive pad to be passively
deployed (Gorb, 2008). The extension of the arolium is always at the last moment
indicating that it is not controlled by neuronal regulation but by the mechanical action
of the claws slipping on the surface and rolling backwards around the foot. This action
pulls on tendons that deploy the arolium (Drechsler & Federle, 2006; Eisner &
Aneshansley, 2000; Endlein & Federle, 2008). The pad is removed from a substrate by a
peeling motion, which is precipitated by a distal movement of the leg (pushing the leg

away from the body).

Federle et al. (2001), suggest the arolium of bees is inflated through a joint mechanical-
hydraulic mechanism, with hydraulic pressure applied from a gland in the upper leg:
expanding the arolium. In the great green bush cricket (Tettigonia viridissima) the
extension of the pad and the contact area (area of the pad substrate interaction) is
actively controlled by the insect pushing down onto the substrate to directly influence
contact area (Jiao, Gorb, & Schergie, 2000). This ability to remain attached to surfaces

without a direct energetic cost can be modified to increase attachment forces through an
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increase in contact area from further extension of the arolium or behavioural changes
such as lowering the centre of gravity or changes in gait. The biomechanical process

involved in extending the arolium during locomotion is shown in Figure 1.10.

Figure 1.10: Model of the mechanics of arolium gland (ag), arolium (ar) active extension via pull on the
unguitractor tendon (ut). Adapted from Federle et al., 2001. A, claw flexor muscle is relaxed and the pad
is in its resting position, B, the muscle has been tightened and the arolium is being extended, this occurs
when the unguitractor tendon pulls the cuticle attached to the arolium up and backwards making it act like
a hinge which in turn pulls the front of the arolium down, C, the arolium has been fully deployed the pull

by the unguitractor has relaxed and the arolium has come to rest against the surface of the substrate.

1.3.3 Adhesive secretion.

Insects employ an adhesive secretion in order to increase the adhesive forces (Federle &
Endlein, 2004; Gorb, 2005; Gorb, 2004; Persson, 1998; Persson, 2003; Qian & Gao,
2006). The secretion deposited in the footprints of insects can be seen at low
magnification using light microscopy (Betz, 2003; Dirks et al., 2009; Federle, Riehle,
Curtis, & Full, 2002; Geiselhardt et al., 2010; Knight, 2009; Votsch et al., 2002), and
typical footprints for hairy and smooth pad types are shown in Figure 1.11. As
discussed in Section 1.2.3, the effectiveness of the secretion in increasing attachment
forces will depend on properties such as its spreading behaviour on the pad and
substrate, surface tension, viscosity, and volume. However, any two surfaces that are
joined by a thin layer of liquid which ‘wets’ both well (i.e. the liquid has a low or 0

contact angle), will demonstrate considerable adhesion.

33



Figure 1.11: Optical micrographs (obtained using phase contrast mode) of (A) an H. axyridis footprint

and (B) a P. dives footprint. The pattern of droplets observed in A is consistent with the arrangement and

number density of setae in the hairy pads of H. axyridis (images supplied by Miss V. Knight).

Although subject to extensive research, the exact composition of the adhesive secretion
is still unknown (Akiko & Ryohei, 1996; Attygalle et al., 2000; Gorb, 1998; Votsch et
al., 2002). Although it is known that it is comprised of long chain hydrocarbons and

waxes (Langer, Ruppersberg, & Gorb, 2004).

In recent years several authors have suggested that the adhesive secretion is actually an
emulsion (a dispersion of water droplets in oil, or of oil droplets in water) (Casteren &
Codd, 2010; Dirks et al., 2009; Drechsler & Federle, 2006; Federle, Riehle, Curtis, &
Full, 2002; Gorb, 2005; Gorb, 2001; Votsch et al., 2002). It is possible however, that the
“emulsion” seen in the literature is an artefact of the sample preparation, which involves
freezing of the secretion. However the complex non-Newtonian behaviour of the
secretion can also be explained by a model for single phase colloidal liquid of wax
crystals (Betz, 2010, ppl47). This colloidal suspension of solid alkane crystals
suspended in a liquid alkene matrix might help explain the rate dependent viscosity
changes observed in the adhesive secretion used by insects. However it is possible that

the adhesive secretion changes between taxa or even species, with the bulk phase being
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relatively stable, differences in the adhesive performance could be due to unidentified
chemical compounds used to optimise adhesive effort on plant surfaces commonly

encountered by a specific species.

The contact angle (CA) is the angle at which a liquid makes contact with an interface

(surface or liquid) (Figure 1.12) and is specific for a given system.

Figure 1.12: Side view of a liquid drop (volume v), on a smooth substrate. @" is the contact angle of the
droplet on the substrate, 6* is the internal angle of the droplet and r is the radius of curvature, 6,and 6, as

defined by equation 6.

Contact angles show a liquids ability to wet a surface (Extrand, 2003; Extrand, 2006).
The contact angle can be used to determine the composition of a secretion and its
interaction with a substrate. If a liquid is attracted to a surface it will spread out and the
angle of contact will be low whereas if the liquid is repelled by a surface it will bead up

and the angle of contact will be high (Table 1) (Figure 1.13).

Table 1: contact angle measurements and ascribed surface wetting values for liquid solid interactions.

Contact angle Degree of wetting Adhesive force
(liquid/solid)
6=0 Liquid perfectly wets surface Strong
0 <0<90° Liquid wets high amount of surface Strong
90° < 6 < 180° Liquid wets low amount of surface area Weak
0 = 180° Liquid does not wet surface Weak/repulsive
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Figure 1.13: Typical droplet shape for liquid on solid surface with (A) very little wetting, (B) more
wetting and (C) high level of wetting, droplet A has a high contact angle while droplet C has a lower

contact angle.

The adhesive force between the liquid and the substrate causes the drop to spread over
the surface whilst the cohesive forces within the liquid cause it to bead up limiting
contact with the surface. In non-ideal systems (i.e. real substrates with non-smooth
surfaces) the contact angle H is defined using the difference between the advancing
(6,) and receding (6,-) (shown in Figure 1.13 above), CA using the following equation.
H=06,—-6, [6]
CA can also be reported as CA = 6, where 6, represe