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Propositions

. Poorly durable coatings can be used as insect-repellent solutions in buildings.
(this thesis)

. Emulsions based on linseed oil reduce insect damage to leaves.
(this thesis)

. Integrated pest management, use of genetically modified crops and meat consumption
reduction will help decrease crop loss to address global food demand.

. The development of fully eco-friendly paints is hindered by the cost-ineffectiveness of
bio-based binders.

. Hearing about climate change too frequently can lead to environmental numbness.
(R. Gifford, Am. Psychol., 2011, 66(4):290-302)

. To effectively reduce CO, emissions, governments should ban short haul flights, tax avi-
ation fuel and introduce a rationing system for passengers.

. The gender gap in all STEM (Science, Technology, Engineering and Math) careers is
unlikely to be filled not only due to cultural barriers and stereotypes, but also as women
tend to be more people-oriented.

. The resilience in the face of failure among PhD candidates could be increased through
video games.
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General introduction

1.1 Motivation

In this thesis, we describe bio-inspired pest control measures to tackle insect pests in agriculture
(emulsion sprays which protect crops against Frankliniella occidentalis thrips) and in buildings
(paints slippery to Atta cephalotes leaf-cutting ants) (Figure 1.1).

To date, only 20% of insect species have been discovered, accounting for about one million
species [1]. Many insects are beneficial to ecosystems as crop pollinators, seed dispersers,
shredders and antagonists in biological pest control [2-5]. Insects present a strong potential
to sustain food demands in the next future [6]. They are used in the food, dying and textile
industries (e.g. meal, cochineal and silk) [7].

However, insects can also have adverse effects. Insect pests in agriculture need to be con-
trolled to avoid crop diseases or damage as they harm or contaminate crops either in the field
or during storage [8, 9]. Common storage insect pests include moths, mites, cockroaches and
beetles. Worldwide, about 14% of crops are lost to insect pests [10-12].

Insects, most notably termites, cockroaches and ants, are detrimental to buildings, furniture,
can cause visual discomfort or affect hygiene and human health [13, 14]. Termites, despite being

of ecological importance [15-17], cause serious damage to homes, building materials, dams and



Chapter 1

Slippery to insects

Figure 1.1: Strategies employed in this thesis as alternatives to insecticides: paints slippery to insects (Chapters
3-5) and crop protective emulsion sprays which are sticky to insects (Chapter 6).

so forth, sometimes leading to villagers abandoning their homes. Termite damage was estimated
to be between $2-$40 billion p.a. [18-20]. Moreover, ants enter buildings in search of food or

can cause structural damage as they establish their nests close to heat sources [21, 22].

Given these issues, the need to eliminate insect pests becomes clear. Pest control methods
are used to reduce the presence of insects, and mainly consist in insecticides. Most insecti-
cides are composed of neuroactive chemicals, such as chlorinated hydrocarbons (e.g. DDT),
organophosphates or carbamates and present human health and environment issues [23]. Ev-
ery year, the use of pesticides, including insecticides, leads to 26 million cases of non-fatal
poisonings, of which 3 million cases are hospitalised and cause approximately 220 000 deaths
[24-26].

Insecticides may harm, or even kill non-target organisms (such as organisms that recycle
soil nutrients, pollinate crops, and prey on pest species) and reduce and/or contaminate food
supplies for animals which feed on them (higher trophic levels) [27]. Reduction of pollination
also occurs due to honeybee colony loss [24]. Many pests have responded to insecticides by

developing resistance mechanisms based on mutations in insecticide target sites or detoxification
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processes [28-30].

This underlines the need for more efficient, eco-friendlier and, where possible, more selective
pest control methods (Chapter 2). Alternatives to “traditional” insecticides include, but
are not limited to: (1) in the building and coating industries: plant-based insect-repellent
coatings [31], slippery surfaces [32-34]; (2) in agriculture, biological control, where an insect
pest population is reduced by introducing its antagonists in the area [5]; and the use of inert
materials (particle film technology) [35, 36]. The slippery and particle films are repellent to
insects in a purely mechanical way, inert materials leading to their death by dehydration after
contact of particles with their pads.

Other methods of interest could find their source in nature: plants are deterrent to herbivores
by chemical (e.g. feeding inhibitors or toxins) and physical means (spines, sticky trichomes,
waxy surfaces) [3, 7, 37]. Surfaces inspired from the inner walls of pitcher plants demonstrate
great anti-adhesive properties to many biological objects, including insects [38]. We first de-
scribe how emulsion sprays and paints and coatings can be prepared to be used as bio-inspired

alternatives to insecticides in agriculture and buildings, respectively.

1.2 Paints and Coatings

Coatings are materials, generally prepared from liquids, which form a film after drying or curing
once applied to substrates. They are used in a wide range of applications for their decorative,
protective and/or functional purposes [39]. These properties are typically associated with
specific parts of a coating system (Figure 1.2). The global market for coatings was valued at
about $29 billion in 2018 [40]. Paints are composed of four major ingredients:

e The solvent,
e The polymer binder,
e The pigment, and,

e The additives.

The solvent, or carrier, allows the coating to be applied on a substrate and then evaporates.
Because of emission of volatile organic compounds (VOCs) in the atmosphere, the amount of
solvent should be limited, by either formulating high solids paints (low-solvent), eliminating

solvents completely (solvent-free technology), or replacing it with water (waterborne) [41, 42].

3
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Top surface properties

Light reflection, hardness, scratch
resistance, surface slip, repellent
properties, erosion resistance

Air/film interface

Bulk film properties

Opacity, colour, flexibility, diffusion,
chemical resistance, water uptake,
Interface weathering

Film/substrate interface properties
Adhesion, durability, anticorrosion

Substrate

Figure 1.2: Topological classification of coating properties (reproduced from [39]).

The binders (also called resins or simply, polymers) used in waterborne coatings are gen-
erally emulsion polymers, or latexes. They are dispersions of small spherical particles sized
between 50 to 1000 nm [43]. The film forming properties of a latex are essential to form a
homogeneous coating. The film formation process has been widely studied (see e.g. [44]) and
can be briefly described in the following three stages after application on a substrate: (1) the
solvent evaporates, which brings the latex particles into close contact; (2) a very close packing is
obtained as the particles are deformed by capillary forces; and (3) particles form a polyhedron-
shaped network and the particle boundaries are lost by particle-particle coalescence. The last
stage is only achieved if the drying temperature is above the latex minimum film formation

temperature (MFFT).

The film formation process can be aided by adding coalescing agents, usually organic solvents
with high boiling points (e.g. ethylene glycol derivatives). They act as plasticisers to lower the
polymer’s MEFT as well as the glass transition temperature (7,) and aid the polymer diffusion
across particle-particle interfaces in the film. Properties, such as adhesion or mechanical rigidity
and strength, are determined by the appropriate selection of the polymer(s), e.g. acrylics or

polyurethanes [41, 43].

The pigments (and extenders, to a lesser extent) provide opacity and colour to the film.
Despite its high carbon footprint, the most widely used pigment remains titanium dioxide;
more than 6 million tons were produced in 2016 [45]. Extender (or fillers), such as calcium

carbonate or silica, improve the spacing of pigment particles to improve the opacity of a paint

4
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film [46]. They can give extra properties to the paint coating, such as flame retardancy, and
also affect the mechanical properties [43]. Minor paint components are called additives and are
present in a small amount (generally less than 1%). Common additives are pigment dispersants,
defoamers and biocides and these are typically used to improve the paint stability, drying or
adhesion properties [41].

A key parameter of a paint formulation is the volume ratio between the binder, pigments

and extenders, stated as the Pigment Volume Concentration (PVC):

Volume of pigments

PVC = (1.1)

Volume of pigments + volume of binder

The paints properties dramatically change at a point called the critical PVC (CPVC), above
which there isn’t sufficient binder to fill the voids between solid particles [47]. Below CPVC,
coatings have high gloss, low porosity, low dirt pick-up, high elongation-to-break, are flexible
and have low water permeability [43]. Above CPVC they display low gloss, high porosity, high
dirt-pick-up, low elongation-to-break, are brittle and have high water permeability [43].

Waterborne paints are easy to apply on large areas, are cheap, durable and non-toxic, and
are hence good candidates for insect-repellency purposes. The working mechanism of existing
insect-repellent surfaces are based on insecticides, essential oils, lubricants or topography [31,
34, 38, 48]. They either pose regeneration, lack of efficiency, scaling-up or cost issues. We
investigate in Chapters 3-5 the use of coatings which are slippery to leaf-cutting ants (A.
cephalotes) and which can be applied to buildings to protect them against insect pests. They
are directly inspired from the inner wall surfaces of pitcher plants [49]. To reduce the use of
insecticides in agriculture, we also investigated novel oil-in-water emulsions to protect crops

from insect pests.

1.3 Emulsions in crop protection

Emulsions are metastable colloidal systems prepared by dispersing one fluid into an immiscible
second fluid [50]. They are typically biphasic systems: oil-in-water (o/w), i.e. the continuous
phase is water, or water-in-oil (w /o) if the oil, or hydrophobic fluid, is the continuous phase (Fig-
ure 1.3). Emulsions are ubiquitous as they are present in cosmetics, bitumen, food, medicines,

etc. The use of stabilisers (e.g. emulsifiers or texture modifiers) improves the stability of

5
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emulsions. Emulsifiers are amphiphilic surfactants which form a stabilising layer around the
dispersed droplets to prevent them from aggregating. In case of poor stabilisation, emulsions
are subject to different mechanisms of instability, such as droplet flocculation, aggregation, co-
alescence, Ostwald ripening, as well as phase separation (creaming or sedimentation) or phase
inversion [50].

Sprays of petroleum oil-based emulsions have long been used in pest control as alternatives
to traditional insecticides [51]. The oil and water phases are violently mixed in the absence of
stabiliser, producing an emulsion that exhibits fast phase-breaking upon spraying on the plant.
Damages to plants have often been observed, such as leaf tissue death, leaf dropping or damage
to wood and fruits with oils rich in unsaturated hydrocarbons [51]. Environmental concerns
resulted in a growing demand for emulsions based on vegetable oils as they offer a renewable
feedstock [52, 53]. Besides being more toxic to insects, the high fatty acid content of vegetable
oils is also less detrimental to plants than petroleum-based sprays [51]. Botanical oil sprays
also show some repellency but for short periods of time, requiring frequent applications [54].

Plant surfaces made sticky using vegetable oil beads which could retain insects might present
better alternatives to petroleum sprays by reducing environmental impact and providing better
efficiency. In Chapter 6, we describe sprays of linseed oil-in-water emulsions which, once
applied on surfaces, form beads which are sticky to thrips. The concept is bio-inspired from
the adhesive trichomes present at the surface of plants. This also avoids the issue of improving

chemical resistance by insect pests.

—~~— Surfactant
Oil

Water

Figure 1.3: Schematic oil-in-water and water-in-oil emulsions (not drawn to scale).
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1.4 Outline

This thesis explores eco-friendly pest control measures to tackle insect pests in buildings and
agriculture. We address the following questions: what formulating parameters are important
to produce (1) wall paints slippery to A. cephalotes ants? (Chapters 2-5); and (2) spray
emulsions sticky to F. occidentalis thrips on plants? (Chapter 6).

Chapter 2 summarises the wide literature describing issues brought by insect pests and
the use of insecticides to tackle them (health and environment, agriculture). Special emphasis
is given to coatings solutions as alternatives to traditional insecticides. This serves as an
introduction to other chapters, especially to Chapters 3-5.

In Chapter 3, we investigate how paint coatings can be rendered slippery to insects (A.
cephalotes ants). We find that coatings can be formulated such that pigment particles transfer
from the coating to the adhesive pads of insects. The process is based upon using the right
balance of polymer and pigment. We also show that once the loose particles are removed from
the coating, the increased coating roughness then reduces insect adhesion, similarly to the inner
wall surface of the carnivorous plant Nepenthes alata [49].

In Chapter 4, we study the feasibility of JKR-type adhesion experiments using PDMS
lenses to measure the particle transfer properties of the coatings as a potential replacement
test for the insect climbing experiments. We do not reach our goal completely. However, we
open the way for future research to use this test in adhesion experiments when the use of AFM
(mechanical analysis) is not possible.

In Chapter 5, we optimise the anti-adhesive properties of the paints described in Chapter
3 by tuning the polymer binder size and the pigment diameter. We report that porous paints
allow absorption of the adhesive fluid of insects [55] and that pigments sized between 1 pum
and 10 pym are more efficient at impeding A. cephalotes locomotion, hence improving the anti-
adhesive properties of the paints.

Chapter 6 explores the use of sprayable linseed oil-in-water emulsions as an alternative
to insecticides used in agriculture. We show that when sufficiently crosslinked, the linseed oil
forms sticky beads, to which insects (F. occidentalis thrips) stick, immobilising them and hence
preventing them from producing further damage to leaves.

In Chapter 7, the final chapter of this thesis, we reflect on the previous chapters and

7
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discuss the further work that can be done to improve the alternatives to insecticides described

in Chapters 3, 5 and 6. Ultimately, it provides useful formulation guidelines to improve the

paints and spray emulsions discussed in other chapters.
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Coatings preventing insect adhesion

Insect pests cause considerable damage worldwide to plants, buildings and human health. This review explores
how controlling insect adhesion to coatings might mitigate these problems. We summarise the current knowledge
of the mechanisms of insect adhesion on natural and synthetic surfaces and natural examples of non-adhesive
and slippery surfaces. Biomimetic, multi-scaled rough and particle-transferring surfaces provide an efficient
method to reduce adhesion of crawling insects.
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Chapter 2

2.1 Introduction

2.1.1 Coatings: definition and applications
Coatings are materials prepared, generally, from liquids which form a film after drying or curing
once applied to substrates. Their use has become ubiquitous in the past decades for decora-
tive, protective and functional applications [1]. Important functional and protective properties
include antibacterial, self-healing, self-cleaning, antifouling, anti-corrosive, hydrophobic, oleo-
phobic, or ice-repellency and flame-retardancy. Such coatings should be durable, easy-to-apply,
inexpensive and environmentally friendly [1, 2].

As well as the important aesthetic and barrier properties that coatings deliver, they are
being applied to a wide range of substrates for their specialised functional properties, e.g.
fruits, textiles and solar cells [3-5]. Nature shows the control of the surfaces of the coatings
is important to access these functional effects, as demonstrated in the well-known examples of
e.g. self-cleaning lotus leaves, shark skin or butterfly wings [6-8]. For example, lotus leaves
(Nelumbo nucifera) are highly hierarchical rough structures made of hydrophobic, three di-
mensional epicuticular wax crystals, allowing for water to roll off the surface and to self-clean
[6]. Bio-inspired strategies from the so-called Lotus-effect gave rise to extensive research in
self-cleaning coatings, such as the self-cleaning outdoor Lotusan paints [9].

Insects interact with the surfaces of coatings when they land, crawl or climb on them.
Whilst insects, such as pollinators and seed dispersers, are essential for most land ecosystems,
many insects are considered pests, because they pose a serious threat to agriculture, forestry,
buildings and human health. Possible strategies to tackle insect pests include insecticides,
insect-repellent and low insect adhesion coatings [10-15]. The former however are harmful
to the environment and alternative strategies are preferred [10]. This chapter reviews the
threats caused by insects, their mechanism of adhering to surfaces and the possible formulating

strategies related to protective building and agricultural coatings.
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2.1.2 Insect damage to crops
Insect pests in agriculture need to be controlled to avoid crop diseases or damage. Crops can
be harmed or contaminated in the field or during storage [16, 17]. Insect pests damage plants
and crops via feeding, sap-sucking or infesting different parts of the plant: leaves, buds, flowers,
stems, fruits and seeds, roots, tubers and bulbs; as well as seedlings and sown seeds [16]. Fruits,
nectar and sap are rich in sugars, which are of particular importance in some insects’ diet, such
as Hemiptera [18]. Invading pests include gall insects, thrips or aphids. Generally, these attacks
will result in notches, irregular margins, scarification and holes in leaves, flowers or other parts
of the plant. Damages to plants are not only aesthetic, but can reduce the plant’s growth,
photosynthesis and disturb the plant’s water and nutrient balances [19].

During storage, insects can harm crops by feeding, leading to a population exponential
growth, and hence contaminate the products [16, 17]. Common storage insect pests include
moths, mites, cockroaches and beetles.

Oerke reported the worldwide losses of various crops due to animal pests (insects, birds,
snails, etc.), which widely depend on the type of crop and region [20, 21]. About 8% for wheat,
15% for rice, 10% for maize, 11% for potatoes, 9% for soybeans and 12% for cotton are lost to
animal pests. The losses in the Mediterranean basin, where approximately 98% of the world’s
olive trees are harvested, olive fruit loss to insect pests is at least 15% of production, equivalent
to $800 million loss [22-24]. Overall, the global crop production was reduced by about 14%
due to insect pests [20, 25, 26].

Another major economical example of the non-control of pests is the loss of $46 million
in 1999 in a Californian vineyard, where the grapes were contaminated with Pierce’s disease,
which prevents the fruits from growing, and was transmitted by leathoppers [27].

Many other examples of crop diseases and defects caused by insect pests are reported else-

where [21, 25, 28, 29].

2.1.3 Transmission of diseases by insects

Insects transmitting diseases are referred to as either biological or mechanical vectors, depending
on where in the insect the pathogen developed, which affect several billions of people every year

30, 31].
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Biological vectors carry pathogens within their bodies, which are transmitted to humans or
animals through bites by blood-feeding insects, such as lice, mosquitoes or fleas. Mechanical
vectors, for instance flies, carry infectious agents at the surface of their bodies (legs or mouth-
parts) and hosts become infected by simple physical contact [30, 31]. Although not responsible
for transmitting diseases, stings (due to Hymenoptera, e.g. honeybees, hornets or wasps) may
also be accountable for allergies, which can range from discomfort and local swelling to life-
threatening anaphylaxis [32].

Upon physical contact or blood-feeding on their hosts, insects can transmit pathogens de-
veloped within their bodies our mouthparts, and toxins or potential allergens through their
saliva [30]. Some species of ticks for instance, carry some toxins in their saliva which can cause
paralysis of the host, allergic reactions and transmit a broad range of viral, bacterial and pro-
tozoan pathogens [33, 34]. Examples of transmitted diseases to humans include malaria, with
about 2 billion people at risk and causing approximately one million deaths per year [30, 35];
or dengue, which affects 50 to 100 million people and causing about 20,000 deaths annually
(30, 36, 37].

Insect pests also caused considerable losses to livestock, which are mainly due to reduction
of milk and meat production through both transmitted diseases and stress owed to bites [30].
A dramatic example is the tsetse flies: they caused about $4.5 billion losses by infecting cattle
in Africa with trypanosomiasis [38]. Ticks, mites, stable and horn flies were reported to cause

the loss of approximately cumulative $5 billion on overall US livestock [39-41].

2.1.4 Insect damage to buildings

About 2,300 termite species have been discovered, of which 183 species are accounted for
damaging buildings [42]. Termites are mostly present in Asia (mainly in India, Malaysia, China,
Japan), Australia, Africa and in the USA. Termites are however of ecological importance: they
raise soil quality by improving pH, organic carbon content, water content and porosity for soil
aeration [43-45].

Termites feed primarily on cellulose, present in various sources e.g. wood, lichen, grass or
soil, and are considered pests as soon as they start damaging man-made structures [44]. Wood-
feeding termites can cause serious damage to buildings, sometimes causing them to collapse or

villagers to abandon their houses. The precise economical cost of termite damage is difficult
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to assess due to the lack of data in underdeveloped countries, but has been estimated to be
between and $2 and $40 billion per year, with about $1-1.5 billion p.a. in the USA alone
(42, 46, 47].

When entering buildings, insect pests can further infest or damage objects or furniture made
of wood, wool, linen, etc., or even pieces of art or books if entering museums and libraries [48].

In the next sections, we first review the current knowledge about insect biomechanics and
insect adhesion to natural surfaces. Methods to repel or reduce insect adhesion to surfaces are
discussed. Emphasis is given on paints and coatings which can reduce insect attachment to

buildings and plants without using insecticides.

2.2 Insect adhesion and slippery plant surfaces

2.2.1 Biomechanics of insects

Insect climbing mechanisms

Adhesion is defined as the force required to dissociate two surfaces from one another. To
describe friction, Coulomb distinguished static friction from dynamic friction: static friction is
the friction between two objects in contact that are not moving relative to each other; while
dynamic friction is the force which is necessary to slide a surface on one another. Insects can
climb on a surface by means of interlocking or by adhesion forces. Their pads generate both
adhesion and friction forces [49, 50]. Surface roughness tends to reduce adhesion as asperities
reduce contact area, yet insects and geckos can adhere to smooth as well as rough substrates
[49, 51, 52]. Alternatively, body hairs have also been reported to provide adhesion, as observed
in honeybees, which carry lubricated pollen particles from flowers to hives [53, 54].

Claws and spines on the tarsus (insect foot) can interlock with substrate asperities [55, 56].
The stiffness and morphology of the claws, especially the sharpness of the claw tip, impact
their performances to cling to asperities [57]. On a soft surface, a stiff claw may be able to dig
into the surface and find grip for locomotion [58]. On a rigid rough surface, a claw can grip on

surface protrusions that are larger than approximately the diameter of the claw tip [59, 60].
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Figure 2.1: Schematic representation of (A) claw, (B) hairy pad and (C) smooth pad in contact with a rough
substrate.

On smooth surfaces with insufficient grip for their claws, insects use their adhesive pads,
which fall into two categories: hairy (or fibrillar) and smooth pads. Both types of pads increase
the contact area with substrates to improve attachment to rough surfaces [61, 62] (Figure 2.1).

The movement of insect legs occurs through attachment and detachment of the pads, via a
peeling mechanism, similar to pressure adhesive tapes [63]. When pulling the pad towards the
insect’s body, adhesion is enhanced (‘attachment’); while moving the pad in a distal direction
(away from the insect’s body), when no adhesion is required, pulls off the pad from the surface
(‘detachment’) [49, 64].

Hairy adhesive pads are composed of densely packed arrays of fine and flexible fibers, the
setae, generally tipped with triangular or circular end-plates [63, 65, 66]. They are found in
many insects, such as beetles, bugs and flies, with widths ranging from ca. 100 nm in spiders
and geckos to more than 5 pm in beetles [63]. These long and flexible hair arrays provide low
elastic modulus, which are hence able to balance the surface roughness by bending and allow
rapid attachment and detachment from a surface by pushing/pulling mechanisms [61]. The
latter is aided by the distal orientation of the hairs as well as easy, rapid and simultaneous
setae peeling off from the surface [67]. The maximum adhesive force was found to increase
with the number of adhesive setae in leaf beetles [68]. Adhesion force differences in males and
females have been reported in beetles, due to different seta tips for mating purposes [61, 69, 70].

Smooth pads are found in many insects, such as ants, bees, stick insects, grasshoppers and
cockroaches (Figure 2.2). A smooth pad consists of a very soft cuticular sac between the tarsal
claws. Surface protrusions causes the soft pad to deform, hence maximising contact area on
rough substrates [62, 71]. The adhesive pad is referred to as arolium in many insects [55, 72].

Arolia can be retractable and fluid-filled (e.g. in Hymenopteran insects) or non-retractable (e.g.
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Figure 2.2: Scanning elec-
tron microscopy image of Atta
cephalotes ant tarsus showing
the claws (Cl) and arolium (Ar).
Scale bar: 100 pm.

in cockroaches) [56, 72-74]. A synthetic attachment device inspired from an insect pad/claw
system was described in [75]. These artificial adhesive pads and claws were reported to increase
adhesion synergistically on steel spheres.

Many insects of orders such as Hymenoptera, Blattodea or Phasmatodea possess several
attachment pads on the same leg [76]. The function of each individual pad has been investigated
in e.g. stick insects (Carausius morosus) [77] and cockroaches (Gromphadorhina portentosa)
[78] where the results suggested arolia serve as adhesion pads (“toe” pads) and tarsal pads
(euplantulae or “heel” pads) are friction pads, hence providing little adhesion, in these types of
insects [50]. This indicates the pads can passively and energy-efficiently control the adhesion
and friction forces during locomotion.

Adhesion in insect pads is mediated by an adhesive secretion: this fluid maximises adhesion
to rough substrates by filling protrusions between the pad and the surface [57, 67, 71, 78]. The
composition and nature of this fluid however remain unclear, due to the variations between
insect species and the low volume secreted by pads [57, 79-81]. For many insects possessing
smooth pads (e.g. ants, cockroaches or certain mites), the secretion has been found to be a
water-in-oil emulsion mainly containing hydrocarbons, fatty acids, alcohols, amino acids, etc.
It was suggested that in smooth pads, the thin films of fluid rheologically behave like shear-
thinning Bingham fluids with a yield stress [57, 79], while the secretion was found to be a
Newtonian fluid in beetles and flies (hairy pads) [80, 82].

In insects possessing smooth pads, the thickness of the adhesive fluid was reported to be

about 100 nm, making its investigation challenging [57, 83]. On smooth surfaces, insects should
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minimise the secretion of fluid to increase capillary adhesion (wet adhesion situation), whose
viscosity could also impede locomotion speed and pad re-usability [62, 84]. Interestingly, the
adhesion in dry and wet conditions (absence and presence of adhesive secretion, respectively)
has been reported to be similar by Labonte and Federle [84]. The fluid’s viscous forces were
found not to improve adhesion significantly and the pad retraction speed was not correlated to
the amount of fluid. The fluid layer may not only help to increase adhesion on rough surfaces,

but it could at the same time act as a lubricant to ease fast detachment from surfaces [78, 84].

Effect of surface roughness on insect climbing

The locomotory behaviour of insects depends on both the insect type and the nature of the
surface. Many plants use surface roughness to reduce insect adhesion, as further discussed in the
section 2.2.2 Slippery plant surfaces. Although not demonstrated formally, some insects, such
as ants and cockroaches, are suspected to use their antennae to investigate surface asperities
before walking on a substrate [12, 85]. Antennae can indeed perceive the ant’s environment,
such as airflow, chemical signalling, and detect mechanical fragilities; and were suggested to
counterbalance poor vision [86].

Both types of pads can comply with surface asperities to maximise attachment forces to
surfaces [61, 62| (Figure 2.1). They secrete adhesive fluid to improve surface contact as it
compensates the surface asperities, hence increasing adhesion to rough surfaces [57, 67, 71, 78].
Ants, which possess smooth pads and extensible adhesive pads [73], have been reported to
passively deploy their arolia after mechanical claw slipping on the surface [56, 73].

Hairy pads, as found in beetles, do not provide sufficient adhesion on micro-rough surfaces.
The setae are suspected to make incomplete contact with the surface asperities, leading to a
reduction of the contact area [60, 69]. Adhesion forces generated by insects were reported to be
larger on surfaces displaying surface asperity size smaller than 300 nm (‘smooth’, pad adhesion,
Figure 2.1B) or larger than 3 pm (‘rough’, claw interlocking, Figure 2.1A) [60, 68, 70, 87].
Specifically, surfaces with asperity diameters between 50 nm and 1.0 pgm led to the lowest
attachment forces, as large seta tips cannot interlock with small surface protrusions [60, 61, 69].
Similar roughness effects have been described in insects possessing smooth pads [88, 89]. In
particular, Scholz et al. [89] modelled that the Nepenthes alata pitcher plant inner wall should

possess a pore size of 1 ym to minimise the adhesion of insects.
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The roughness ranges can be defined as (1) ca. 0 nm (‘smooth’, pad adhesion), (2) 50
nm-1.0 gm (‘nano/micro-rough’) and (3) larger than 3 pm (‘rough’, claw interlocking) [60, 70].
In the ‘nano/micro-rough’ range (50 nm-1.0 pm), both adhesive pads and claw interlocking are
inefficient for climbing (Figure 2.3).

Zhou et al. have studied insect adhesion on various rough substrates produced by lithogra-
phy and displaying different pillar spacings (3-22 pum) and heights (0.5 and 1.4 gm) [90]. They
studied cockroaches and beetles (smooth and hairy pads, respectively), which were found to
make partial contact on dense array of pillars, while full contact was obtained for large spacing

(above 4 pm) and smaller pillars (0.5 pm).

Self-cleaning mechanisms

The accumulation of particles on the body or tacky adhesive pads of insects lead to a loss of
adhesion [57] and possibly to locomotion problems [91, 92]. Fouling particles must be removed
from crawling insects’ pads to maintain their adhesive properties, or from the body of flying
insects for controlled flight. Figure 2.4 shows Atta cephalotes ant tarsi after being contaminated
with 300 nm titanium dioxide particles.

Fouling particles can be removed through self-cleaning, via grooming, brushing using clean-
ing structures, and supposedly when bringing them into contact with a surface with greater
attraction forces to these contaminating particles through scratching, rolling and sliding move-

ments [52, 93-95]. The adhesive secretion of insects has also been suggested to aid the self-
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Figure 2.4: Scanning electron microscopy images of (A) uncontaminated and (B) contaminated tarsi of Atta
cephalotes ants after free roaming on 300 nm titanium dioxide particles. Scale bars: 10 pm.

cleaning process by washing off particles [94].

In practice, self-cleaning is achieved in just a few steps on smooth surfaces, as observed in
ants [93], stick insects and beetles [94], or even geckos [96]. On rough surfaces, on which claws
are mainly used, the pad/surface contact area is assumed to be too low to efficiently remove
particles from the pad [94, 97]. Particles were found to be removed more easily from hairy
pads: in smooth pads, the presence of shear was necessary, while pull-off movements only could
efficiently remove particles of hairy pads [93, 94]. The low surface energy of the setae might
also aid the self-cleaning process [94].

The fouling particle size has been demonstrated to significantly impact self-cleaning of the
pads of ants, Coccinellids and dock beetles, but surprisingly did not significantly affect stick
insects [93, 94]. 1 pum and larger than 45 pum particles were easily removed from insect pads,
whereas 10-20 pum particles needed more steps to be removed through self-cleaning [93, 94, 97].
For hairy pads, large particles cannot fit in between fibrillar setae, leading to rapid particle
removal [94, 95, 97]. Interestingly, no pad fouling has been observed on ants’ smooth pads
using contaminating particles larger than 100 um, suggesting the particles need to be smaller

than the claw basal spacing to adhere to the arolium [85].

2.2.2 Slippery plant surfaces

Pitcher plants families Cephalotaceae, Nepenthaceae, and Sarraceniaceae have been long known
for capturing and digesting insects, mainly ants, which are attracted by the nectar the plants

secrete [89, 99, 100]. They then fall into the pitcher, with barely any chance to escape, and get
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Figure 2.5: (A) Nepenthes pitcher plant morphology with four functional zones: (1) the lid (L) and peristome
(P), (2) the slippery zone, (3) the transitional zone, and (4) the digestive zone. Scanning electron microscopy
of the waxy zone: (B) the upper wax layer and (C) wax crystals of the upper wax layer. Adapted with kind
permission from [98]. Scale bars: (B) 1 pm and (C) 200 nm.

digested by pitcher fluid. Some species of the genus Nepenthes possess an insect-slippery waxy
surface, like the widely studied N. alata [89, 98, 100], while some others (e.g. N. bicalcarata)
only become slippery when wet [99].

Nepenthes pitchers consist of several zones: (1) the lid and peristome, (2) the slippery zone,
(3) the transitional zone, and (4) the digestive zone [101] (Figure 2.5A). The sections below

describe these two main slippery mechanisms in species of the genus Nepenthes.

Slippery wax-covered plant surfaces

Many plants are known to possess a superhydrophobic surface, such as the lotus leaf, rose
petals or the inner pitcher walls of Nepenthes pitcher plants [6, 100, 102]. The latter is su-
perhydrophobic due to the combination of roughness and hydrophobicity of its epicuticular
crystals present at its top surface. Superhydrophobic substrates exhibit water contact angles
greater than 150° and contact angle hysteresis lower than 10° [103]. The combination of cutin
biopolymer and lipids protects plants from water loss [9]. Climbing of insects on epicuticular

wax-covered pitcher plant surfaces has been widely studied, see e.g. [89, 98, 100].
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Gorb et al. studied the epicuticular wax coverage in N. alata, which consists of two different
layers (Figure 2.5B/C) and display different structures, chemical compositions, mechanical
properties and different insect anti-adhesion mechanisms [98]. The lower wax layer shows a
foam-like structure and is composed of platelet-shaped wax crystals coming off the surface
at sharp angles [98]. The upper layer wax displays closed-packed platelets perpendicularly
oriented to the lower layer. Both waxy layers are mainly composed of alkanes, aldehydes,
primary alcohols, free fatty acids, esters and triterpenoids expressed in different proportions
in the two layers, with predominant aldehydes and alcohols, which are likely to co-crystallise

[98, 104)].

Insects slip into the pitcher via a two-fold mechanism relying on (1) pad contamination and
(2) surface roughness. (1) Upon contact with insect feet, crystals of the upper wax layer break
off and contaminate the adhesive pads of insects. They are also too small and too fragile for
claw interlocking [98]. (2) In laboratory conditions where the upper epicuticular lipid layer was
removed, the rough lower wax layer reduces the real contact area of insects’ feet with the plant
surface as pads cannot comply well with the surface protrusions [89, 98]. In similar experimental
conditions, the upper wax layer has interestingly been found to be non-recoverable, suggesting
that when all crystals have detached from the upper layer, the micro-roughness of the lower
wax layer would be efficient at preventing insects from climbing the walls of the inner pitcher’s

surface [101].

Additional anti-adhesive properties hypotheses to (1) and (2) were proposed by Gorb and
Gorb [105, 106]: (3) the wax-dissolution hypothesis: the insects’ adhesive fluid may cause
epicuticular wax crystals to dissolve, covering the surface in a thick layer of lubricating, slip-
pery fluid; and (4) the epicuticular wax crystals may absorb the secretion, hence reducing the

attachment forces of insects (fluid absorption hypothesis).

Slippery when wet plant surfaces

Unlike epicuticular wax-covered surfaces, some other plant surfaces, such as the peristomes of
N. bicalcarata pitcher plants, only become slippery to insects when wet, in the presence of dew
or rain [99]. The pitcher rim, or peristome, possesses ridges oriented toward the inside of the

pitcher [99, 107] (Figure 2.5A). These surfaces are superhydrophilic (fully wettable), thereby
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stabilising thin lubricating water films between the insect foot and the surface so that insects
slip via aquaplaning [99].

When insects climb on the wet peristome, they fall into the pitcher with barely any chance
to escape. In contrast to this, dry peristomes are not slippery to insects [100]. In the lower part
of the pitcher plant, specialised glands secrete a digestive fluid to absorb nutrients obtained
from the insects [89]. In some species, this fluid has non-Newtonian properties and particularly
a high extensional viscosity, so that it sticks to the insect’s legs, which helps to retain them in
the pitcher [108, 109].

Due to surface tension forces, getting a grip on the pitcher wall becomes difficult. The
pitcher fluid indeed needs to be removed from the insects’ adhesive pads to make full contact
with the wall, which may be a long process if the fluid is viscous [99]. Friction forces of weaver
ants (Oecophylla smaragdina) were measured on the peristome surface [99]. The slipperiness
of peristomes is a combination between water lubrication and surface topography, which is
effective against different attachment structures of the insect tarsus [99, 107]. Water films
on pitcher rims only prevent adhesion for soft adhesive pads but not for claws, while surface
roughness creates friction only for the claws but not for pads [99].

Interestingly, some insects have evolved counteradaptations to climb on slippery plant sur-
faces, including ants capable of overcoming aquaplaning in Nepenthes pitcher plants and “wax-
running” ant partners of Macaranga ant-plants with slippery waxy stems [88, 99, 109-111].
In these obligate ant-plant mutualisms, it is both in the ants’ and the host plants’ interest to
isolate the ant partners from predators and competitors, promoting the development of such
specific adaptations [109, 111].

The knowledge of insect locomotion and naturally slippery surfaces could be used to formu-
late products preventing crawling insects from entering buildings or adhering to plant surfaces,

a reduction in the use of insecticides and the issues they can cause.

2.3 Coating strategies to minimise insect adhesion

Possible strategies to repel insects or reduce the adhesion of crawling insects to coatings (ap-
plied to e.g. buildings or plants) are summarised herein, special attention has been given to
the development of substrates bio-inspired by plant surfaces. These approaches might not be

suitable for all insects due to the attachment and friction forces discrepancies observed across
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gender [61, 70], pad type and species [12, 88, 90, 99]. With regards to the biomimetic strategies
described, the adhesive performance of both types of pad is however very similar [67], and

substrates known to be slippery for one type are also slippery for the other [107, 112].

2.3.1 Imnsecticides and insecticidal coatings
Insect pests are currently controlled mainly by insecticides, which present health and environ-
mental issues, and are summarised in this section.

In the United States only, insects destroy 13% of crops [10]. Hence, one can see the need
to eliminate them. Between 2006 and 2007, more than 400 million kilograms insecticides were
produced worldwide; while 70% of insecticides were used in agriculture in the United States
[113]. Over the 2008-2012 time period, this number however decreased to 57%, due to an
increase of use by private individuals (home and garden) at a similar production level [114].

Since the introduction of synthetic organic insecticides in the 1940s, four major classes of
‘conventional’ insecticides have emerged: (1) organophosphates, (2) carbamates, (3) synthetic
pyrethroids and (4) neonicotinoids [115, 116]. Neurochemical insecticides affect the insects’
nerve-muscle system and account for 85% of sales [117]. Otherwise, insecticides target res-
piratory organs (4%) and limit the growth and development of insects (9%), for instance by
inhibiting the biosynthesis of chitin or by mimicking juvenile hormones [116, 117].

Although beneficial to agriculture, conventional insecticides and pesticides are detrimental
to the environment and may affect human and animal health [10, 118]. When sprayed, most
of the insecticide is lost to the air during application and depending on its persistence and
volatility, disperses globally or bioaccumulates in food chains [118-121].

According to Pimentel [122], pesticide use in the United States returns about $4 per $1
invested for pest control. These costs however do not take into account the side economic
consequences on health and environment [10]. They were estimated in the USA to be: public
health, $1.1 billion per year; pesticide resistance in pests, $1.5 billion; crop losses caused by pes-
ticides, $1.4 billion; bird losses due to pesticides, $2.2 billion; and groundwater contamination,
$2.0 billion [10].

Every year, the use of pesticides, including insecticides, leads to 26 million cases of non-fatal
poisonings, of which 3 million cases are hospitalised and cause approximately 220 000 deaths

[10, 123, 124]. Insecticides are indeed well-known carcinogen compounds and can cause chronic
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illnesses, such as neurological damage [10, 125]. In addition to humans, insecticides also harm

domestic animals.

Upon exposure to insecticides, mutations in insecticide target sites or detoxification pro-
cesses may occur, resulting in increased resistance to the chemicals [126]. This has been for
instance observed in the Australian sheep blowfly, which developed an insecticide-resistant al-
lele [127]. Some insect pests such as the diamondback moth, Colorado potato beetle and cotton

aphid have developed resistance to at least 50 insecticides [117].

Insecticides may harm, or even kill non-target organisms (such as organisms that recycle
soil nutrients, pollinate crops, and prey on pest species) and reduce and/or contaminate food
supplies for animals which feed on them due to bioaccumulation in the food chain [120, 121, 128].
Using the example of Brazilian tomatoes, insecticides were reported to eliminate more parasitoid
natural predators than the targeted tomato pests, due to an increase of their chemical resistance
[129], which hence led to a pest population increase. Reduction of pollination also occurs due

to honeybee colonies loss [10, 128].

It should however be noted that new insecticides with lower health and ecological impact
are being developed [128, 130], as well as alternatives to lower the amount of insecticides used,

e.g. biological control as part of integrated pest management, see e.g. [29].

Novel insecticides based on nanotechnologies and inert materials have arisen to replace the
aforementioned conventional insecticides [130, 131]. Nanoparticles are particles having at least
one dimension smaller than 100 nm; they have grown in attention for the past two decades as
their use as encapsulants allows the controlled release of insecticides or pesticides [131, 132].
They offer advantages including a higher surface area, higher solubility, higher mobility and

lower toxicity due to elimination of organic solvents [119].

Inert materials include diatomaceous earths, zeolites and kaolin, and present a lower envi-
ronmental impact than conventional insecticides due to their inert nature [130]. Their size is
generally comprised between 0.5 pym and 100 pm, improved insecticidal effect has been obtained
for particles smaller than 45 pm [130, 133, 134]. The death of insects is caused by desiccation
as these abrasive particles adhere to their cuticle, which normally protects them from water
loss [130, 133, 135]. The particle film technology is a hydrophilic kaolin particle-based coating

applied to plants and trees. Particle films were shown to reduce oviposition and adult settling
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of various pest species on pears and apples [136-138], potatoes [139], olives [140, 141] and oth-
ers [142]. They are however to be used in sunny, dry weather as the hydrophilic and porous
particle films are easily washed off by rain [140].

Including insecticides in interior and exterior coatings of buildings (houses, hospitals, restau-
rants, etc.) can be effective to avoid the presence of insects by repelling, killing or preventing
infestation [143-145]. As previously described, the use of insecticides should be limited due to
health and environmental concerns [10], although their environmental impact once incorporated
in coatings hasn’t been assessed in the authors’ knowledge. The rest of this section will focus
on alternatives to insecticides to reduce the presence of insects in buildings by repelling them

or minimising their adhesion to walls using functional coatings.

2.3.2 Insect-repellent coatings using natural products

Essential oils (e.g. eucalyptus or citronella oils) and plant extracts (branches or leaves) consist in
an effective natural method to repel insects and present the advantage that they can readily be
added to formulated paints [146, 147]. Many plants contain chemicals to prevent insects feeding
on them, which can be classified in five groups: (1) nitrogen compounds (primarily alkaloids),
(2) terpenoids, (3) phenolics, (4) proteinase inhibitors and (5) growth regulators [148]. Most
essential oils contain terpenoids, which affect insects in many ways: repellency, acute toxicity,
fumigant activity, reproductive toxicity, and neurotoxicity depending on the target site in the
insect [149, 150]. The efficiency of many essential oils in laboratory conditions, however, lasts
only for a few hours [151, 152]. Encapsulation allows the slow release of active ingredients and
once incorporated into coatings, essential oils repel insects for at least a year [146].

While essential oils and plant extracts can cause contact and airborne allergies (provoking
e.g. eczema and asthma) [153, 154, their effect once incorporated in paint coatings hasn’t been

tested to the best of our knowledge, but is expected to be negligible due to encapsulation.

2.3.3 Biomimetic strategies

In this section, we first review the general methods to produce plant bio-inspired properties
using synthetic materials, such as superhydrophobicity, like the well-known lotus effect [6],
or slipperiness as observed in Nepenthes [98, 99] and how they can be used to reduce insect

adhesion to surface coatings.
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Surface functionalisation and asperities

A superhydrophobic surface displays a water contact angle greater than 15° and contact angle
hysteresis lower than 10° [103]. It is commonly accepted that superhydrophobicity in synthetic
surfaces can be achieved by a combination of (1) hydrophobic treatment and (2) surface rough-
ness according to the well-known Wenzel and Cassie models [155, 156]. In the Wenzel model
(homogeneous wetting), the surface roughness increases the available surface area of the solid
[155]. The Cassie model (composite wetting) states that the superhydrophobic nature of a
rough surface is caused by microscopic pockets of air remaining trapped underneath a liquid
droplet, leading to a composite interface (solid-air-liquid) (Figure 2.6) [156].

It has been known for decades that surfaces can be rendered hydrophobic by coating them
with techniques such as perfluorination or silanisation, and such surfaces have been exten-
sively described in literature [103, 157]. The corresponding chemicals indeed bring low surface
energy to the top coating. High water contact angles (about 160°) have been measured on
functionalised, roughened surfaces [158].

Hydrophobicity properties can be further enhanced by roughening the surface. Methods
include nanoparticle functionalisation, which can be e.g. nanosilicas, silicone nanofilaments,
carbon nanotubes, plasma treatment, etching, and by producing hierarchical surface structures
similar to the asperities found in plants [103, 157, 159]. The latter can be done using (1)
top-down and (2) bottom-up techniques [100]. In (1), the surface to reproduce is replicated by
moulding. In (2), structured materials are obtained by chemical self-assembly, from molecular
level up to micron scale. These approaches have been extensively described in the literature,

see e.g. [157, 160, 161].

A B

Figure 2.6: Schematic (A) Wenzel and (B) Cassie-Baxter wetting models.
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For example, Meredith and coworkers have developed an easy process to create micropat-
terns bio-inspired from pollen receptive surfaces using blends of commercial polymers [53]. They
are formed through demixing of the polymers, and the surface roughness simply increases with
the polymer molecular weight. The authors suggest that pollen and stigma surfaces could be

used as biomimetic model systems for the design of microparticles [162, 163].

Slippery surfaces
Given the importance of surface roughness on insect locomotion (see section 2.2.1 Biomechanics
of insects), nano/micro-rough surfaces may provide a mechanical way to control insects [69, 98],
rather than using potentially harmful chemicals to kill or repel crawling insects.

Several studies suggest that insect attachment on surfaces can be reduced by structuring
surfaces with asperities ("peaks” and "valleys”) [69, 90]. Graf et al. [12] designed insect-
repellent surfaces by tailoring their topographies following the work of Zhou et al. (presented
in the 2.2.1 Effect of surface roughness on insect climbing section) [90]. The surfaces could
reduce the escape rate of cockroach (smooth pads) from a cage by 44%. Interestingly, the
adhesion of beetles (hairy pads) was barely affected, probably as the roughness (ca. 45 pum)
was in the ‘rough’ domain, where claw interlocking predominates (Figure 2.3). As observed in
pitcher plants, a low ‘capture rate’ could be beneficial to some applications, as scouts recruit
more ants to the pitcher [164].

Prototypes of paints made slippery through surface asperities have been studied by Zhou
[112]. By tailoring the quantity and size of solid particles at the paint surface, called pigment
and extender, paints were produced where insects were unable to find grip. As the solid particles
were loosely bound to the paint surfaces (low polymer binder amount), it is also possible that
contamination of the pads occurs through transfer of the loose particles to the insect feet. This
however hasn’t been studied by the author. Another study showed the importance of pigment
particle size to render surfaces slippery: when the particles were smaller than 500 nm, the

coatings were very slippery to fire ants as their adhesion was reduced [165].
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Tilt

Porous surface

Lubricating film
. Test liquid

Figure 2.7: Schematic Slippery Liquid-Infused Porous Surface (SLIPS) fabrication.

Addition of an extra coating layer (overcoat or overlayer) allows the reduction of properties
such as adhesion, fouling or wettability. This is for example done on ship hulls or aircrafts to
minimise adhesion of marine organisms and insects, respectively, allowing to reduce drag, and
hence, fuel consumption [7, 166, 167]. The addition of silicones and waxes has been found to
improve surface slip by reducing the friction on coating surfaces [168], hence one could imagine
this strategy can be efficient to reduce insect adhesion to coatings. The use of low surface energy
particles is extremely efficient to do so: in insect colonies, waterborne polytetrafluoroethylene
(PTFE, Fluon or Teflon) coatings are used to prevent insects from escaping their cages as
Fluon-coated walls are very slippery to insects [13, 169]. The surface roughness has however

been found to predominantly affect insect adhesion rather than surface energy [87].

Slippery liquid infused porous surfaces (SLIPS) have been developed by Aizenberg and
coworkers (see e.g. [14, 170, 171]) and is a similar approach to the overcoating one. Inspired
by the combination of the liquid film found on the Nepenthes pitcher plant peristome and its
multi-scaled structure, the SLIPS technology involves a porous solid infused by a lubricant
(Figure 2.7). This lubricating film fills the voids of the substrate, is incompressible and must

be immiscible with the test liquid in order to repel it.

The porous substrate is nanostructured, for example made of nanofibres of e.g. epoxy or

PTFE. To prepare the SLIPS, the surfaces are first rendered more hydrophobic by silanisa-
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tion. The perfluorinated lubricant is then added to the substrates to form a liquid overcoat
[14]. SLIPS surfaces are stable under high pressure, omniphobic, mechanically robust and self-
repairing. Besides repelling many liquids and ice, they can interestingly prevent the adhesion

of many biological objects, such as bacteria, fungi and insects.

Particle transfer strategies
Similarly to epicuticular wax crystals detaching from Nepenthes plant surfaces to make insects
slip, another strategy to minimise insect adhesion to coatings could include the transfer of
particles as contaminating particles present on insects’ pads or body impede their locomotion
[57, 91, 92].

As discussed in the 2.2.1 Self-cleaning mechanisms section, the fouling particle size has been
demonstrated to significantly impact self-cleaning of the pads of ants, Coccinellids and dock
beetles, but did not affect stick insects [93, 94]. Particle diameters of 1 pm and larger than
45 pm were easily cleaned from insect pads, but particle diameters of 10-20 ym needed more
time to be removed [93, 94, 97]. The surface energy of the contaminating particles was found
to have little influence on loss of adhesion [85]. Interestingly, the recovery of adhesion was
shown to be influenced by the fouling particles’ surface energy in ants (smooth pads), but not
in Coccinellids (hairy pads) [93]. Low surface energy substrates also slowed down the regain of
adhesion of contaminated hairy pads [93].

Hackmann et al. [91] have studied the removal of fouling particles by antenna cleaner in
Camponotus rufifemur ants. They report that small particles (< 25 pum) are harder to clean
for insects, as they can interlock and remain longer on their antennae, hence impeding their
locomotion [12, 85]. Anyon et al. approximated the arolium-particle adhesive force, F,,, to be

85, 172]:

F,, = 4myR (2.1)

With ~ the surface tension of the fluid secretion, R the radius of the particle asperity in
contact with the arolium and corresponding to the particle diameter for spherical particles. For
spherical particles typically sized between 1 pum-100 gym and considering v ~ 30 mN/m [83],

insect pads would approximately need to generate adhesion forces in the range of 0.38 uN-38
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1N to detach them from a loose particle coating, in line with the attachment forces measured
for climbing insects [49, 59].

This suggests that coatings made of loose particles, formulated with different particle sizes
and surface energies, could for instance only repel one type of insect. In practise, this could
be achieved in e.g. paints containing low binder amount (matte paints) or no solvent (powder
coatings) [168]. Loose particle barriers have for instance been shown to be effective both in the

lab and field conditions to protect potatoes from Colorado potato beetles [15].

2.4 Conclusions
We have reviewed the problems caused by insect pests and strategies to control them. The use
of insecticides has detrimental effects, not only for the environment, but also for human and
animal health. Informed by the mechanisms of insect adhesion to various surfaces, surfaces
are being developed that are slippery for insects, providing an alternative strategy to control
pest insects in an environmentally friendlier way. Several parameters have been identified as
critical for minimising insect adhesion, including surface energy, surface roughness, and the
force required to detach particles from the coatings.

Coatings inspired by slippery plant surfaces may provide an alternative to toxic insecticides.

To become commercially feasible, the coating should be inexpensive, easy to make and apply.
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Slippery paints: eco-friendly coatings that cause ants to

slip

Many insects are considered to be pests and can be serious threats to buildings. Insecticides represent an effective
way to control pest insects but are harmful to the environment. As an eco-friendlier alternative, we have formu-
lated waterborne, organic paints which provided a slippery physical barrier for leafcutter ants (Atta cephalotes)
on vertical surfaces. Different paints were produced by varying the Pigment Volume Concentration (PVC) and
amount of TiOs and CaCOs particles, and characterised in terms of contact angles, surface roughness and scrub
resistance. The paints’ slipperiness for A. cephalotes ants was evaluated in climbing tests on vertical paint panels
(by recording the percentage of fallen ants). Two main factors reduced the insects’ attachment to vertical paint
surfaces: (1) the PVC: in paints above a critical PVC, more loose particles detach from the coating and thereby
reduce insect attachment; and (2) the type, dimensions and shape of solid particles: CaCOs particles detach
more easily from the paint than TiOs, probably due to their larger size and platelet shape. Paints formulated
at PVC 70 and containing 20 wt% CaCOs showed the best performance in terms of slipperiness, as well as

providing good scrub resistance.
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Chapter 3

3.1 Introduction

3.1.1 Motivation and existing methods to tackle insect pests
Many insects are considered pests, because they pose serious threat to agriculture, forestry,
buildings and human health (see e.g. [1-3]). Many crawling insects, most notably termites,
cockroaches and ants, cause damages to buildings and furniture, or can affect hygiene and
human health [4, 5]. About 2,300 termite species have been discovered, of which 183 species
were accounted for damaged buildings as they feed primarily on wood, mostly in Asia, Australia,
Africa and in the USA, causing annual damages between $2 and $40 billion [6-8]. Many
cockroach species are significant indoor pests worldwide, and can increase domestic exposure
to allergens associated with asthma [5]. About 0.5% of ant species are considered pests, such
as fire ants and Pharaoh ants, and have been acknowledged to be the most difficult pests to
eliminate [4, 9, 10]. Ants enter buildings in search of food or cause structural damage as they
establish their nests close to heat sources, especially in cooler climates [9, 10]. Thus, it is
essential to prevent pest insects from entering buildings. Existing methods to do so will be
briefly reviewed in this section.

Chemical treatments are widely used to tackle insect pests and include insecticide sprays,
groomable coatings, baits, soil termiticide injection, and chemical fumigation [4, 10, 11]. These
methods rely on insecticides, which are an effective way to control pests but cause environmental
and health damage. In the United States only, the impact of pesticides (including insecticides)
on health and environment were estimated in 2005 to cost more than $8 billion annually [12],
and the serious worldwide decline of insects may be partly based on the widespread use of
insecticides [13].

Physical barriers can be used to prevent crawling insects from entering buildings [11]. They
rely on concrete slabs, graded particles with specific sizes or sheets made of metal or plastic, and
are non-toxic [14, 15]. However, such barriers do not protect buildings from drywood termites
[15]. Other physical methods of combatting pest insects include heat, freezing, electricity, and
microwaves, but are impractical to use in large areas [11].

Slippery paints and coatings may provide superior alternatives to the above methods as they

are easy to apply, cheap, and durable, and combine aesthetic appearance with insect-repellent
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properties [16]. Using environmentally-friendly essential oils and plant extracts in paint coatings
is an effective alternative way to repel insects from buildings [17]. The efficacy of such coatings,
however, needs to be improved, as essential oils have been reported to repel insects for only
up to a few hours [11, 18], and can be increased to up to one year once incorporated into
coatings [19]. Nanoparticles such as calcium carbonate and diatomaceous earths, both of which
are commonly found in paints, showed insecticidal activity as insects die by desiccation after
contact with these abrasive particles [20-22]. The commonly used titanium dioxide particles
are genotoxic to some insect species [23]. Dispersions made of calcium carbonate particles in
gelatine were also found to prevent wood infestation by termites for two years, and up to five
years when combined with zinc oxide particles [24], but such dispersions cannot be readily used
as exterior coatings as they would not resist e.g. weathering.

Both ants and termites are of high ecological importance as many species increase soil quality
and aeration [25-28], an eco-friendlier alternative strategy to toxic insecticides is to develop
coatings that prevent crawling insects from adhering to the surface by making it slippery. To
this end, understanding insect locomotion and how to reduce their attachment to surfaces is of

major importance.

3.1.2 Insect locomotion on surfaces

In nature, insects climb plant surfaces by sickle-shaped claws and adhesive pads that release
an adhesion-mediating fluid [29-32]. Insect adhesive pads can conform to surface asperities,
thereby increasing adhesion on rough substrates [32, 33]. Two categories of adhesive pads can
be found in different insect orders: smooth and hairy pads [29, 34, 35]. Both types of pad
secrete fluids, which can fill out surface irregularities, and thereby increase the contact area
and adhesion to rough surfaces [36-38]. Fluid-mediated wet adhesion in insects occurs through
van der Waals, capillary and viscous forces (Stefan adhesion) [30, 39, 40]. Second, the claws
enable the insects to interlock with the substrate’s protrusions [41, 42].

The oily phase of the adhesive secretion allows insects to adhere to a wide variety of sub-
strates [29, 43, 44]. The effect of surface chemistry or surface hydrophobicity on fluid-mediated
insect attachment has been studied on both natural and synthetic surfaces, and only weak or no
effects were observed [45-47]. Substrate roughness has been found to dominate insect attach-

ment forces over surface chemistry [46-48]. One interesting exception where surface chemistry
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plays an important role is the underwater attachment of dock beetles Gastrophysa viridula De
Geer (Coleoptera, Chrysomelidae); here, adhesion forces were strongly reduced on hydrophilic
substrates [49].

The effect of surface roughness on insect attachment has been investigated in many studies
on hairy and smooth pads. It was shown that insects produce stronger attachment forces both
on ‘smooth’ and coarse ‘rough’ substrates, but their attachment is reduced on micro-rough
surfaces (0.05-1 pm asperity size) [30, 46, 50-53]. The function of micro-rough surfaces in
reducing insect attachment is explained by its effect on both claws and adhesive pads. The
roughness of these surfaces reduces the contact area for adhesive pads, but the asperities are
too small to allow interlocking of the claws [50, 51, 53].

Inspiration from nature can improve the functionality of coatings, as demonstrated by the
well-known example of self-cleaning paints inspired by the surface of lotus leaves (Nelumbo
nucifera, Gaertn., Nelumbonaceae) [54, 55]. The superhydrophobicity of lotus leaves mediated
by hierarchically arranged surface structures causes water to roll off the surface and wash away
particles [54]. This so-called Lotus-effect has given rise to extensive research in anti-adhesive,
self-cleaning coatings, such as the exterior Lotusan paint [55].

In nature, many plant surfaces are known to be slippery to insects, in particular insect-
trapping surfaces of plants covered with nano- to micrometre-sized epicuticular wax crystals,
such as those found in Nepenthes pitcher plants, which mostly feed on ants as they fall in
their traps [30, 56-59]. Both the small size and likely brittleness of wax crystals reduce their
suitability for the interlocking of insect claws, and the surfaces they form are too rough for
insect adhesive pads to develop sufficient contact area [50, 53, 60, 61]. Most epicuticular wax
crystals also break off easily under mechanical load, leading to pad contamination, and a loss

of adhesion [56, 61] (Figure 3.1).

Smooth pad

—> —> Sliding
Fragile coating

Adhesive pad contamination

Figure 3.1: Schematic showing the contamination mechanism of smooth adhesive pads on slippery, fragile
surfaces.
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From a biological and biomimetic perspective, it is of interest to understand to what extent
(1) particle detachment, (2) surface roughness and (3) surface lubrication contribute to reducing
insect attachment on surfaces [62]. The bioinspired, slippery SLIPS surfaces developed by
Aizenberg and co-workers combine surface roughness, lubrication and porosity [63-65]. The
perfluorinated lubricants, however, are harmful to the environment and deplete after a certain
number of uses [66]. Eco-friendlier, non-fluorinated and more durable lubricant solutions are
hence being investigated [66, 67].

Zhou et al. studied insect attachment on various micro-structured substrates produced
by photolithography and nanoimprinting with different pillar spacings (3-22 pm) and heights
(0.5 and 1.4 pm) [68]. Adhesive pads on the feet of cockroaches (Nauphoeta cinerea Olivier
(Blattodea, Blaberidae) smooth pads) and dock beetles (G. viridula, hairy pads) were found
to make only partial contact on dense arrays of micropillars, whereas full contact was observed
for wider pillar spacing (> 4 pum) and shorter pillars (0.5 pym).

The recent work of Graf et al. [69] achieved some reduction of insect attachment to polymer
films with a dual-scale rough surface, where the larger-scale asperities had a spacing of 2 um
and asperity height of 0.9 yum. In containers covered with the polymer film, the escape rate
of cockroaches (N. cinerea, smooth pads) was reduced by 44%, but no effect was found for
beetles (G. viridula, hairy pads) [69]. These results suggest that surfaces can be selective for
particular insects, which would have potential applications, such as allowing access to beneficial
insects but not pest insect species. However, the result may also be explained by the fact that N.
cinerea cockroaches are generally ‘poorer’ climbers than G. viridula beetles on various surfaces,
including polymer films [69, 70].

In insect rearings, waterborne polytetrafluoroethylene dispersions (PTFE, Fluon or Teflon)
are used to prevent insects from escaping their cages [71, 72]. Fluon-coated walls are very
slippery to insects, as aggregates of PTFE particles detach from the surfaces and adhere to
their pads (Figure 3.2). However, climbing ants can remove Fluon coatings from the walls of
their nest containers (A.F. & W.F., personal observation), and the coatings are significantly

less slippery under high humidity conditions [28].
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Figure 3.2: SEM images of Atta cephalotes tarsi after walking on a wall painted with Fluon coating (Blades
Biological Ltd, Edenbridge, UK). Fluon is a slippery coating used to retain insects in their nest containers.
Some areas of (A) claws and (B) tarsus’ hairs are covered in PTFE particles. Labels: H: hairs, T: PTFE, C:
claw. Scale bars: 1 pm.

3.1.3 Formulation of paints slippery to ants
As an eco-friendlier alternative to insecticidal coatings, we have formulated model waterborne,
organic paints which provide a slippery physical barrier for crawling insects on vertical surfaces.
The different paint components were systematically varied to investigate the effect of wettability,
surface roughness and scrub resistance, and their slipperiness for Atta cephalotes L. ant workers
(Hymenoptera, Formicidae) using climbing tests. The working principle of the inner wall of
pitcher plant traps, causing insects to slip on a surface covered by wax crystals, inspired the
paint components used in this study.

Paints are made of four major ingredients: (1) the solvent, most often water for improved
health and environmental impact [73, 74]; (2) the pigment which brings opacity to the coating,
e.g. TiOy; (3) the polymer binder, or latex, which wets the solid particles and forms a film via
coalescence once applied to a substrate [75, 76]; and (4), the additives, such as dispersing and
biocide agents [77]. Although the monomers used in the present study are typically found in
market-available coatings, our organic paints represent an eco-friendlier insect-repellent alter-
native owing to the absence of volatile insecticide. One of the key paint formulation parameters
is the Pigment Volume Concentration (PVC), which refers to the volume of pigment with regard
to the volume of binder [78, 79]:

PVC - Volume of pigments

3.1
Volume of pigments + volume of binder (31)
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Above a threshold value stated as the Critical Pigment Volume Concentration (CPVC),
there is not enough binder to wet the pigment particles, leading to a dramatic decrease of most
paint properties (e.g. gloss, durability), as well as a fragile and non-coherent coating. The
CPVC of a pigment-binder system is affected by many parameters. The CPVC was found to
depend on the functional monomers used and size of the polymer binder [80, 81]. The presence
of certain additives such as thickeners can contribute to binding as well. The CPVC is also

lower for waterborne polymers than for their solventborne counterparts [81].

3.2 Materials and methods

3.2.1 DMaterials
Methyl methacrylate (MMA), butyl acrylate (BA), acrylic acid (AA), sodium bicarbonate, tert-
Butyl hydroperoxide (--BHP), sodium persulfate (NaPS), sodium dodecylbenzenesulfonate and
AMP 95 were obtained from Sigma-Aldrich (Gillingham, UK) and used as received. Sodium
dodecyl sulphate (SDS, CMC = 7.9 mM, surface tension measurement) was used both as a
stabiliser in the latex synthesis and a dispersant in the paints and was supplied by VWR
(Lutterworth, UK). Bruggolite FF6 was purchased from Brueggemann (Heilbronn, Germany).
Texanol was added as a coalescent and was bought from Eastman (Kingsport, TN, USA). The
titanium dioxide pigment used, Tiona 595, was supplied by Cristal (Grimsby, UK) and is an
aluminate- and zirconia-coated rutile with a density of 4.1 g/cm?® and a mean particle size of
300 nm (Figure 3.3A).

The extender was a ground calcium carbonate from Omya (Orgon, France), Omyacoat 850-
OG, with a density of 2.7 g/cm? and a mean particle size of 1 ym (Figure 3.3B). In the present
work, the number of ingredients was restricted as much as possible to limit the number of
possible interactions between the paint components. The model paint systems were therefore
composed of only latex (polymer binder), dispersant, pigment, extender and coalescing agent
and did not contain supplementary additives found in paints, such as anti-foaming agents,

thickeners or biocides.
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3.2.2 Latex synthesis and characterisation
Latexes, or polymer binders, are one of the main ingredients in paints, as the paint coating is
formed wia coalescence and evaporation of water. Since they bind the solid particles together,
their physical properties are of major importance to understand the paint coating’s properties.
Acrylic binders are widely used in the coating industry given their dirt pick-up resistance,
durability, UV stability, etc. [74].

An approximately 40 wt% poly(methyl methacrylate-co-butyl acrylate-co-acrylic acid)
(P(MMA/BA/AA)) (52/45/3) latex was prepared by seeded semi-batch emulsion polymerisa-
tion following a conventional procedure, see e.g. [74, 81, 82]. These monomers are typically
found in binders used in the coating industry. SDS, sodium bicarbonate and demineralised
water were first pre-heated in a 1L-reactor to 70°C and stirred at 200 rpm. The seed was com-
posed of 10 wt% of total monomers and 20 wt% of total initiator (sodium persulfate (NaPS))
and was prepared by batch emulsion polymerisation after adding them to the reactor. The
remaining monomers and initiator (feed) were then added over the course of three hours at
75°C to grow the latex particles (Table 3.1). After cooling to 70°C and 60°C, 0.05 wt% t-BHP
and 0.05 wt% Bruggolite FF6 were respectively injected to react with the potentially remaining
unreacted monomers and reduce the Volatile Organic Components (VOC) [83]. The latex was

filtered after being cooled down to 30°C.

Table 3.1: Formulation of the poly(methyl methacrylate-co-butyl acrylate-co-acrylic acid) latex used in this
study. In short, it was prepared by emulsion polymerisation by feeding monomers (MMA, BA and AA) and
initiator at 75°C to a pre-emulsion (seed) made of monomers stabilised by SDS. t--BHP and Bruggolite FF6 were
added once the feed was complete to react with potentially unreacted monomers. The final latex was obtained
after filtering it at 30°C.

Ingredient Function Initial volume (g) Seed (g) Feed (g) Reducing feed (g)
Water Solvent 464.9 20.0 80.0 16.7
SDS Surfactant 11.8
NaHCO3 pH buffer 2.5
MMA Monomer 20.8 187.2
BA Monomer 18.0 162.0
AA Monomer 1.2 10.8
NaPS$S Initiator 0.6 24
t-BHP Initiator 0.5
Bruggolite FF6 Reducing agent 0.5
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Table 3.2: Physical properties of the P(MMA/BA/AA) latex used in this study. M,,, T, and MFFT refer
to the polymer’s molecular weight, glass transition temperature and minimum film formation temperature,
respectively. The solid content and M,, were measured on samples of wet latex, while temperature transitions
were measured on dried samples of polymer. The water contact angle was measured on a glass panel coated
with polymer. The values are expressed as mean + standard deviation (SD).

Particle size Solid content o . Water contact
(nm) (%) M,, (kDa) T, (°C) MFFT (°C) angle (*)
68 + 1 419+ 1.0 633 28.0 + 0.8 13.0 £ 0.6 26.8 £ 1.6
(n = 10) (n = 3) (n=1) (n = 3) (n = 3) (n=4)

The physical properties of the P(MMA /BA/AA) latex are shown in Table 3.2. The particle
size was determined by Dynamic Light Scattering (Delsa Nano C from Beckman Coulter, Brea,
CA, USA) and was about 70 nm (68 nm + 1 nm, n = 10). The 41.9% + 1.0% (n = 3) solids
content was measured by gravimetric analysis. To measure the molecular weight (M,,) via Gel
Permeation Chromatography (GPC), the latex was first diluted in 4% acetic acid in tetrahy-
drofuran (THF) and filtered through a 0.2 ym PTFE membrane. The results were relative to
a polystyrene calibration over the molecular weight range 580-8500000 g/mol (Viscotek TDA
305, Malvern, Worcestershire, UK).

The glass transition temperature (7}) of the latex was determined to be 28.0°C £ 0.8°C (n
= 3), which was obtained by Differential Scanning Calorimetry (DSC, Q2000, TA Instruments,
Elstree, UK), after drying the latex for 24 hours at room temperature. The minimum film
formation temperature (MFFT) was measured using a temperature bar (Rhopoint MFFT,
Bexhill, UK) and corresponds to the lowest temperature at which a clear and coherent latex
film is formed, which was 13.0°C £ 0.6°C (n = 3). 100 pum latex films were applied to glass
panels using a film applicator (TQC Sheen, Rotterdam, The Netherlands) and dried for 24

hours. The dry latex film showed high wettability, with a water contact angle of 26.8° + 1.6°

3.2.3 Waterborne model paint systems and characterisation

Paint preparation

45 waterborne paints were prepared as follows: 70 wt% TiO, and 75 wt% CaCOj slurries
were prepared by dispersing the solids in water at about 2000 rpm using a Dispermat high
speed disperser blade (VMA-Getzmann, Reichshof, Germany) with 0.4 wt% and 0.3 wt% SDS,
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Figure 3.3: SEM images of the (A) titanium dioxide (Tiona 595, spherical shape, mean diameter: 300 nm) and
(B) calcium carbonate (Omyacoat 850-OG, platelet shape, mean diameter: 1 pm) grades used in this study.
Scale bars: 1 pm.

respectively. The optimum amount of surfactant was determined by the minimum viscosity
dispersant demand method [84, 85]. Various TiOy and CaCOj3 quantities (0, 10, 20, 30 wt%
and 0, 6.6, 13, 20 wt%, respectively) were combined at three different PVCs (50, 60 and 70) by
adding the corresponding amount of neutralised latex.

These pigment and extender quantities are typically found in high PVC commercial paints.
3 wt% Texanol, based on the total formulation, was added to each paint formulation to aid the
latex coalescence process and limit the formation of cracks. The pH of the paints was brought
to 8-8.5 by adding, if necessary, AMP 95. These pH values are typically used in the coating
industry, as (1) the effect of Texanol has been found to be optimised at alkaline pH [86] and (2)

ensures that the anionic surfactants that stabilise the latexes and pigments are fully ionised.

Paint characterisation

The paints were applied on metal panels (10.5 cm x 8.5 ¢m) using a square film applicator
(TQC Sheen, Rotterdam, The Netherlands) with a wet thickness of 100 pm and dried 24 hours
at 21.5 + 0.4°C and 49 £ 1.9%RH. The panels were 0.15 mm thick steel sheets from Ernst

Sauter AG (Reinach, Switzerland) and possessed a surface roughness of 0.9 ym + 0.2 pm.

Contact angle measurements were performed with an OCA 50 from DataPhysics (Filder-
stadt, Germany) using 5 uL. droplets of Milli-Q water at 20.5 £+ 0.5°C and 38 + 2.0%RH. Four

measurements were carried out at different locations on the panel.

The surface roughness of paint coatings was measured using NanoFocus puScan Explorer
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(Oberhausen, Germany). Six measurements of 1 mm x 1 mm area (500 nm XY-resolution, 15
nm Z-resolution, 1001 pixels x 1001 pixels) were performed on the panels. The average rough-
ness (R,) profiles were analysed with psoft analysis. A ‘peak’ was defined as any protruding
region larger than 5% of the highest asperity relative to the midline, enabling access to the

maximum peak height and peak density from the roughness profiles.

Scanning electron microscopy (SEM) images were obtained with JSM7001F from JEOL
(Tokyo, Japan) by prior sample coating with a 30-nm carbon layer using Q150T ES (Quorum

Technologies, Laughton, UK). The images were recorded at an acceleration voltage of 10.0 kV.

The scrub resistance of PVC 70 coatings was determined by abrasion weight loss tests
according to the ASTM D4213-96 standard method. The paints (wet thickness = 400 um)
were applied to PVC scrub panels and dried for 7 days at 40°C £ 1°C. The coated panels were
then scrubbed to either 200 or 2000 cycles at a speed of 36 cycles/min with a nylon-silicon
carbide abrasive pad (40 mm x 94 mm, R, = 30.0 + 16.9 pm, Scotch-Brite, 3M, St. Paul,
MN, USA). A force of 2.4 N was applied onto the pads in a surfactant-based scrub medium

(2.5 g/L sodium dodecylbenzenesulfonate). The scrub resistance is measured as follows:

weight loss

Secrub resistance (mg/cm?) = (3.2)

scrubbed area

When PVC > CPVC, there is not enough binder to fully wet the pigment particles, leading
to a dramatic decrease of most paint properties (e.g. gloss, durability). The approximate

CPVC values of the paint systems were between 54-63% as calculated using the oil absorptions

provided by the suppliers (Table A3.1, Appendix) [78]:

100
CPVC(%) = , . . , (3.3)
" pigment density x otl absorption

linseed oil density

with linseed oil density = 0.93 kg/L. In the coating industry, the oil absorption of binders is
estimated from the required amount of linseed oil to saturate 100 grams of pigment or extender
(volume of linseed oil adsorbed per unit volume of pigment) [78]. As it reflects how much binder
will be needed to fully wet the solid particles, high PVC coatings containing particles with high

oil absorption values are likely to be mechanically fragile.
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Insect climbing experiments

In order to select model climbing insects, we conducted preliminary tests on paint substrates
on several insect species with smooth pads (weaver ants, Oecophylla smaragdina Fab., Hy-
menoptera, Formicidae); leaf cutting ants, A. cephalotes; stick insects, Carausius morosus,
Sinéty; Phasmatodea, Phasmatidae; and cockroaches, N. cinerea), as well as hairy pads (flies,
Calliphora vicina Robineau-Desvoidy, Diptera, Calliphoridae; and dock beetles, G. viridula)
[70]. While there are differences in adhesive forces between different insect species, the perfor-
mance of both types of pad is very similar [36], and substrates slippery for one type are also
slippery for the other [70, 87]. As leaf cutting ants (A. cephalotes) are motivated climbers, we
selected them for the climbing experiments as representatives of insects with smooth adhesive
pads. Adult workers were taken from a large, 5-year-old laboratory colony kept at 24°C and

fed on bramble leaves.

The ant workers first had their pads cleaned by allowing them to walk on soft tissue paper
(Tork, Dunstable, UK) and were then placed on a paint-free starting platform (1 cm? of 201E
masking tape, 3M, St. Paul, MN, USA) located in the middle of the vertically oriented paint
panel (100 pm thickness). Once 4 (out of 6) legs had left the starting platform, the time
needed to reach the edge of the paint panel was measured. The test was discarded if the insect
slipped from the surface within less than three seconds after placing it on the starting platform.
The insect was considered “unsuccessful” if it slipped or did not reach the edge of the panel
within two minutes. Ants that reached the edge of the paint panel by walking were considered
“successful”. Ten ants were tested on each paint panel; each ant was not used more than
three times per day to avoid any adaptive or learning effects [88]. The paint slipperiness was
calculated as follows:

100 x number of unsuccessful ants

Puaint slipperiness (%) = number of tested ants (3.4)

Non-painted, smooth metal sheets were used as controls; all ants could climb up these
surfaces without any difficulty.
To assess the long-term durability of the paint and its slipperiness following intense exposure

to ants attempting to climb on them (termed here ‘long-term slipperiness’), paint panels were
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placed vertically on the walls inside the ants’ nest container and were left there for five months.
The slipperiness of these panels was measured approximately bimonthly, by the proportion of
unsuccessful ants. Ants which walked on the panel for less than three seconds were discarded
from the test.

To observe ant adhesive pads (referred to as arolia) under the SEM, samples were prepared
as follows: immediately after climbing on paint surfaces, the ant’s legs were cut off and mounted
on SEM stubs using conductive carbon double-sided adhesive tape. The samples were frozen
for 48 hours to limit arolium deflation and facilitate the observation of particles [89]. Samples
were then coated with a 30-nm carbon layer. Control ant samples which had not climbed the
paints were observed under SEM to verify that the contaminants present on pads only came
from the coatings. Images were recorded at an acceleration voltage of 5.0 kV. ImageJ (Version
1.51r, National Institutes of Health, Bethesda, MD, USA) was used to measure the claw tip

radius and the spacing between the two claws from the micrographs.

3.2.4 Statistics
When values with distributions are given in the text, they are expressed as mean + standard
deviation (SD). All data were tested for normal distribution. Mann—Whitney tests (U-tests)
were used for non-normally distributed unpaired data; paired and independent t-tests were used
otherwise. All the performed tests were two-tailed; P-values below a = 0.05 were interpreted
as significant differences. Multi-way ANOVA (type II) and Principal Component Regression
(PCR) analyses were performed was performed using R v3.4.4 (Vienna, Austria) [90]. Since
the slipperiness data were not normally distributed, they were arcsine-transformed to achieve
a homogeneous distribution of the variances of the residuals resulting from ANOVA analy-
sis. Student’s t-tests were carried out in Microsoft Excel 2016 (Microsoft Office, Redmond,
WA, USA). Mann-Whitney U-tests and Spearman’s rank test were done using Social Science

Statistics (https://www.socscistatistics.com).
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3.3 Results and discussion

3.3.1 Latex and paint characterisation
To study the effect of the paint composition on leafcutter ant attachment, we investigated the
systematic variation of the amount of TiOy and CaCOs, as described in the Materials and
methods section, hereby modifying the PVC values. Paints were formulated at three different
PVC values, 50%, 60% and 70%, by varying the amount of pigment and extender with regards
to the quantity of latex. At PVCs 60 and 70, the paints were above their CPVC (ca. 55%),
so that there was not enough binder to completely wet the particles (Figure 3.4). One can see
that paints formulated above their CPVC (Figure 3.4B and C) lack polymer to bind efficiently
all particles and tend to be porous [80, 91].

The pigment and the extender present different sizes and shapes: the TiO, spherical particles
have a diameter of about 300 nm (280 £ 60 nm, n = 39), while the CaCOj particles are platelet-
shaped and about 1 pm in length (941 nm + 156 nm, n = 20, both measured by SEM) (Figure
3.3). Results for surface roughness, peak density, wettability and slipperiness of 13 formulated
paints are shown in Table 3.3. The full set of data (45 paints) is given in Table A3.1. Figure

3.5A shows surface slipperiness as a function of PVC.

* 1

a~

Figure 3.4: SEM images of 30 wt% TiOs2, 20 wt% CaCOj paint surfaces with varying PVC: (A, D) PVC 50,
(B, E) PVC 60 and (C, F) PVC 70. Paints shown in (B, E) and (C, F) are formulated above their CPVC. Scale
bars: (A-C) 100 ym and (D-F) 1 pm.
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Figure 3.5: Boxplots showing (A) surface slipperiness (percentage of unsuccessful ants in climbing tests), (B)
surface roughness average (R,) and (C) water contact angle measured for the full set of paints formulated at
different PVC values. In (B), three outliers (R, > 10 pym) were not shown for more clarity. Centre lines and
boxes represent the median within the 25" and 75" percentiles, whiskers show the 10" and 90*" percentiles
and circles indicate outliers.

For the overall set of paints (1-45, Table A3.1), the slipperiness for ants greatly increased
with the PVC (Table 3.4, Spearman’s rank test ry = 0.59, n = 45, P < 0.001). The slipperiness
increased strongly with the PVC for the paints containing only CaCOj (paints 10-18, ry =
0.80, n =9, P = 0.010), unlike TiOy-paints (paints 1-9, r; = -0.62, n = 9, P = 0.074). For
some paints containing only TiOy (paints 4-6, Table 3.3), the reverse trend was observed: the
higher the PVC, the lower the slipperiness. Unlike other coatings, TiO, paints tend to form
cracks despite the presence of coalescent. This is likely due to the fact that TiOs-only paints
are further above their CPVC at PVCs 60 and 70 than the CaCOj-only paints (54% vs. 63%).

The number of cracks was found to increase with the PVC under SEM, as the amount of
polymer binder is reduced. These cracks most likely provide good grip to insect claws: claw
interlocking with surface asperities is possible if the asperity size is larger than the claw tip
radius [41, 50], which is for A. cephalotes 5.0 £ 1.7 um (n = 31). The cracks present larger

dimensions (at least 10 ym in width) and one can imagine that once the claws get into contact
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with the paint, the cracks may expand due to the coating stiffness. Image examples of the
cracks are given in Figure A3.1 (A and B, Appendix).

The paints containing only CaCOj3 were found to be more slippery for ants than TiOs-only
paints, at PVC 70 in particular (Table A3.1). Neither the amounts of TiOs nor CaCO3 were
found to significantly influence slipperiness (slipperiness x TiOy: rg = -0.12, n = 45, P =
0.449; slipperiness x CaCOgz: 7, = 0.09, n = 45, P = 0.572). Although non-significant at o =
0.05, the slipperiness results obtained in the PVC 70 paint series may suggest an impact of the
CaCOj3 amount on the slipperiness (rs = -0.49, n = 27, P = 0.064, Table A3.1). This suggests
that both particle size and shape influence insect attachment to surfaces.

Optimum paint formulations that maximise the slipperiness for A. cephalotes ants included
20 wt% Ti0O4 and 20 wt% CaCOs. In these conditions, it is important to note that our surfaces
achieved high slipperiness on vertical paints (90% of ants fallen, PVC 70), while only 44%
cockroaches could not escape 60° tilted surfaces coated with insect-repellent polymers prepared

by Graf et al. [69)].

Table 3.3: Composition, CPVC, PVC, surface roughness, peak density, wettability and slipperiness values of 13
custom-made waterborne paints applied on metal sheets. The CPVC was approximated from Eq. 3.3. Both R,
and peak density were measured via optical profilometry. The slipperiness to A. cephalotes ants refers to the
number of unsuccessful ants in climbing tests. The values are expressed as mean + standard deviation (SD).
See section Materials and Methods for further explanations.

g Approxi- Peak density ke Slipperiness
Paint [(F‘I)V‘lt%j)] [((jjvf?? )3] mate CPVC }E;Z)C }(%Z (:’mél)) (peaks/mm?) :ﬁgnlteazf) (%)

(%) (n = 6) (n = 4] (n = 20)
2 10 0 54 60 2.7£0.2 339 £ 101 98 £ 3 90 £ 10
4 20 0 54 50 2.2 £ 0.7 374 £ 134 79 £8 20 £ 10
5 20 0 54 60 19+ 04 42 + 3 102 £ 8 10 £ 10
6 20 0 54 70 5.3 £ 1.0 20£6 86 £ 5 0£10
8 30 0 54 60 2.6 £03 30 £ 15 100 £ 3 40 £ 10
11 0 6.6 63 60 26.7 £ 4.5 304 £ 51 62 £ 3 30 £ 10
14 0 13 63 60 13.0 £ 4.6 394 £ 59 3+1 30 £ 10
17 0 20 63 60 30.0 £ 10.2 49 + 12 71+£1 20 £ 20
39 30 6.6 56 70 1.3+£04 299 £ 136 86 £ 5 87 £ 12
42 30 13 58 70 48 £ 0.1 1156 £ 41 94 +1 90 £ 10
43 30 20 59 50 48 £0.1 1136 £+ 33 53 £ 2 10 £ 10
44 30 20 59 60 49+ 0.1 1110 £ 88 66 + 1 10 £ 10
45 30 20 59 70 4.6 £ 0.1 1140 £ 46 | 89 +3 90 £ 10
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Based on our observations, we further investigated three hypotheses to explain why both
high PVC and CaCOj paints are slippery to ants: (1) surface roughness, (2) surface wetta-
bility, and (3) particle detachment. It should be noted that because of the similar design and
performance of insect adhesive pads, the observed slipperiness trends may possibly apply to

many other insects [36, 70, 87].

Table 3.4: Correlation between test variables, correlation coefficient 75 and P-values obtained by Spearman’s
rank test for the following parameters: paint PVC, slipperiness, roughness average R,, water contact angle
and peak density for all paints, paints segregated by PVC and paint type. Only correlations with P-values
indicating significant correlations (below a = 0.05) have been indicated for more clarity.

Variable 1 Variable 2 Correlation coefficient ry  P-value
All paints (n = 45) PVC Slipperiness 0.60 < 0.001
PVC Water contact angle 0.74 0
Water contact angle Slipperiness 0.54 < 0.001
[CaCOs] Water contact angle -0.37 0.011
[CaCO3] Peak density 0.51 < 0.001
PVC 50 paints (n = 15) [CaCO3] Water contact angle 0.71 0.003
Peak density Water contact angle -0.65 0.008
Water contact angle Slipperiness 0.54 0.036
PVC 60 paints (n = 15) [TiOg] R, -0.53 0.043
[CaCO3] Water contact angle -0.63 0.013
PVC 70 paints (n = 15) [TiO4] Water contact angle 0.68 0.006
[CaCO3] Peak density 0.58 0.025
TiOz-only paints (n = 9) PVC R, 0.86 0.003
PVC Peak density -0.79 0.011
Peak density Slipperiness 0.67 0.050
CaCOgs-only paints (n = 9) PVC Slipperiness 0.80 0.010
PVC Water contact angle 0.85 0.003
Water contact angle Slipperiness 0.71 0.003
TiO2/CaCO3 paints (n = 27) PVC Slipperiness 0.89 0
PVC Water contact angle 0.90 0
Water contact angle Slipperiness 0.90 0
R, Peak density 0.42 0.029
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3.3.2 Effect of surface roughness
The surface roughness of the paint coatings is based on both the presence of large particles at
the surface and the formation of clusters formed by self-aggregation of extender and pigment
[92-94]. It is worth mentioning that small calcium carbonate grades can reduce TiOy self-
aggregation, which is referred to as the spacing effect of CaCOj [95], and can be driven by the
opposite surface zeta potentials between TiOs and CaCOg [96]. However, our SDS-stabilised
TiOs and CaCOj particles both displayed negative zeta potential values (data not shown),
indicating that the formation of aggregates should be hindered by electrostatic repulsion [92].

Figure 3.5B shows that the R, values ranged from 1.0 ym to 5.5 pum, the median values
slightly increased with the PVC, with similar data distributions between the three PVC series.
Paints 11, 14 and 17 exhibited large roughness values (R, > 10 pm, Table 3.3) and are hence
not shown in Figure 3.5B for more clarity. These are 60% PVC CaCOsz-only paints which
reached their CPVC at PVC 60, leading to very rough surfaces [91]. Even when removing these
outliers, R, did not significantly increased with PVC at o = 0.05, but it is commonly accepted
that paint formulated with increasing PVC lead to rougher coatings (rs = 0.30, n = 42, P =
0.053) [80, 81, 92].

It has been suggested that insect attachment forces are decreased on micro-rough surfaces
(0.3-1.0 pum asperity size) [50, 51], as well as paints [70], because the small asperities reduce
the contact area for the adhesive pads but do not allow the claws to interlock. Despite the
wide range of slipperiness values (0-100% unsuccessful ants), we did not observe any effect of
roughness average R, on slipperiness (Figure 3.6, r, = 0.14, n = 45, P = 0.358), suggesting
that other mechanisms explain the reduction in ant attachment to paint coatings.

It has been shown in the literature that insect attachment forces to surfaces are minimised
for asperity sizes in the submicron range (0.05-1 pm asperity size) [46, 50-53, 97]. We obtained
a broad range of slipperiness values, despite our pigment particles being in the same size range
as the surface asperities used in the various studies (ca. 300 nm TiOs and 1 pum CaCOjg
particles). However, the slipperiness of surfaces is not only based on roughness average R,, but
also on the lateral dimensions of surface roughness (e.g. asperity spacing and slope). Optical
profilometry has a limited XY-resolution (ca. 500 nm) for capturing the lateral length scale

of surface roughness. Measuring surface roughness via AFM proved difficult due to the large
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Figure 3.6: Surface slipperiness (percentage of unsuccessful ants) of model paints formulated at different PVCs
vs. surface roughness average R, for PVCs 50, 60 and 70; inset: detail of 0.5-5.5 pm roughness. It can be seen
that an effect of R, on slipperiness cannot directly be concluded from this graph. Error bars are not included
for more clarity.

height differences of some coatings.

Defining peaks as any protruding regions greater than 5% of the largest asperity (relative
to the midline), we measured the peak density by profilometry in 1 mm x 1 mm areas (Table
A3.1). ‘Low’ values (< 300 peaks/mm?) were generally due to the formation of large aggregates
at the surface. ‘Large’ values indicate that many narrow peaks were formed. Although there
is no linear correlation between the peak density and the slipperiness (rs = 0.15, n = 45, P
= 0.327), the peak density seems to slightly influence the slipperiness for CaCOg-only paints
and TiO,/CaCOj3 paints. For these two series, the slipperiness decreases until reaching the
approximate threshold values of 200 and 600 peaks/mm?, respectively (Figure A3.2, Appendix,
dashed lines), from which the slipperiness increases with the density. This suggests that 200
peaks/mm? and 600 peaks/mm? are the peak densities at which ants’ adhesive pads can make
full contact with the surface asperities for CaCOj3-only paints and TiOs/CaCOj3 paints, respec-
tively. We propose that the slipperiness in TiOs-only paints is mainly driven by the cracks,

and hence does not depend on the number of peaks.
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One can imagine that rigid surface asperities may damage or destroy the smooth adhesive
pad (arolium) of the ant, hence reducing contact between the pad and the substrate [98]. Wear
damage would result in stiffening of the pad after several days. This cannot be readily observed
by direct visual means as A. cephalotes ants possess retractable adhesive pads [89], and no
apparent pad damage could be observed under SEM. Our results have not clearly demonstrated
an influence of R, on slipperiness; hence, other factors such as surface hydrophobicity or particle

detachment must be considered.

3.3.3 Effect of surface wettability
As a high surface hydrophobicity or low surface energy of various surfaces has been found to
affect attachment forces of beetles to some extent, we investigated the effect of the water contact
angle on the slipperiness [45-47].

All water contact angles of the paint coatings were between 50° and 105°, with TiO,- and
CaCOgs-only paints displaying higher contact angles. The three outlier data points correspond
to paints 2, 5, and 8 (Table 3.3), which are PVC 60 TiO-only paints reaching their CPVC and
hence showing large contact angles [91]. The water contact angle greatly increased with the
PVC (Table 34, ry = 0.74, n = 45, P = 0).

Figure 3.7 shows the effect of paint wettability on slipperiness for TiO5/CaCQOj3 paints. One
can see in Table 3.4 that paint slipperiness was significantly correlated to both PVC (r, = 0.59,
n = 45, P < 0.001) and paint wettability (rs = 0.54, n = 45, P < 0.001).
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Fluid-mediated wet adhesion in insects occurs through van der Waals, capillary and vis-
cous forces [30, 39, 40]. The biphasic fluid secreted by insects has been shown to decrease
adhesion and friction forces on smooth surfaces, as well as increasing attachment forces on
rough substrates by filling asperities [37, 99]. The secretion is mainly oily and therefore wets
most substrates [43], including rough surfaces [100]. The adhesive fluid’s oily phase has been
suggested to aid attachment on both hydrophilic and hydrophobic substrates [43, 44, 100].
However, the slipperiness to ants increased with a reduced wettability (for water) of the paint
coatings. It is unlikely that this effect is based on insufficient wetting by the adhesive fluid;
instead, slipperiness and water contact angle are both influenced by the PVC, rather than
directly correlated.

An ANOVA test was performed to assess which parameters influenced the slipperiness the
most. To this end, the slipperiness data were arcsine-transformed to achieve a homogeneous
distribution of the variances of the residuals. To avoid artefacts resulting from the ordering of
factors in unbalanced datasets, we conducted an ANOVA based on Type II sums of squares.
By minimising the model to the most relevant parameters (PVC, R,, contact angle and peak
density), the minimal model contained several significant interactions that involved all the
factors (Table A3.2, Appendix). The parameters affecting significantly the slipperiness were
the PVC (F 35 = 12.93, P < 0.001), the peak density (F} 35 = 5.22, P = 0.028) and interactions
between the parameters (interaction wettability x peak density, Fjss = 13.87, P < 0.001;
interaction R, x PVC, F} 35 = 17.21, P < 0.001).

The explanatory variables of this analysis are correlated with each other, in particular
water contact angle and PVC (Table 3.4). We conducted a Principal Component Regression
(PCR) to decorrelate the explanatory factors. The explanatory variables could be reduced to
three principal components (PCs) that explained 95% of the variation (Eq. 3.5, Appendix).
Slipperiness depended most strongly on PC1, which was mainly associated with PVC and water

contact angle (Table A3.3).

3.3.4 Particle/aggregate detachment from the paint surfaces
As an alternative explanation as to why high PVC paints are slippery, we considered the hypoth-
esis of detachment of particles from the paints. Particle detachment can lead to contamination

of insect tarsal adhesive pads [62, 101]. After climbing paint surfaces, the legs of A. cephalotes
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ants were removed and observed under the SEM (Figure 3.8). We found that the arolium
and hairs were contaminated by aggregates coming from the paint surfaces. In particular, the
contamination level appeared to increase with the PVC. Quantification of the contaminating
particles was challenging as individual particles could not always be distinguished due to the
presence of polymer binder ‘gluing’ the particles together. From the SEM micrographs given in
Figure 3.8, we estimated that one pad detached approximately 51 and 203 particles from the
PVC 60 and 70 paints containing 30 wt% TiO,, 20 wt% CaCOs, respectively. This confirms
that particles detach more easily from paints with a higher PVC.

Our results suggest that similarly to some pitcher plant surfaces, in which epicuticular wax
crystals detach [56, 57, 60|, aggregates detach from the paint surfaces and adhere to the tacky
pads of leaf cutter ants. Particle detachment is based on the small amount of polymer, which
results in incomplete wetting of the solid particles when paints are formulated above their
CPVC.

We propose that the slipperiness is also based on insect pad contamination, leading to
reduction or loss of contact area between the pad and the surface’s irregularities.

The forces generated to detach pigment and extender particles should be stronger than the
hydrogen and electrostatic bonding between the polymer binder and the particles [102] and
should also fracture the polymer adsorbed onto the surface of particles [103]. Anyon et al.
suggested the adhesive force necessary for particles to contaminate arolia increases with both
the particle’s radius and the surface tension of the insect’s adhesive secretion [101, 104]. When
contaminating particles are present on insect pads, they can be removed through self-cleaning,
which, during locomotion, occurs when the arolium is subject to shear forces that help remove
the fouling particles [103, 105]. The insects’ adhesive fluid was found to aid the process by
filling the gaps between the particles, then increasing the contact area and hence, the adhesion
and friction forces [106]. The self-cleaning time depends on the insect species and hence, pad
type, as well as the size, nature and surface energy of the fouling particles [106-108]. In beetles,
1 pm and larger than 45 pm fouling particles were found to be removed in a few steps, unlike
10-20 pm particles, which fit in between the hairs of the beetles’ pads and hence needed more

steps to be removed [105, 107, 108].
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Control sample

Figure 3.8: SEM images of A. cephalotes ant tarsi contamination after climbing 30 wt% TiOa2, 20 wt% CaCOs5
paint surfaces formulated at PVC 50, 60 and 70. Control sample: ants which did not climb on paint, no
contaminant could be observed. Scale bars: 100 um (left) and 10 pm (right). PVC 50: only a few contaminating
particles could be observed on the arolium; scale bars: 100 pm (left) and 1 pum (right). PVC 60: the arolium tip
was fouled by paint particles. Scale bars: 100 pm (left) and 10 pm (right). PVC 70: the arolium and claws were
heavily contaminated by particles, mostly CaCOgs. Arrows show where contaminating particles were observed.
Scale bars: 10 pm (left) and 10 pm (right).
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To further test our hypothesis that paint surfaces are slippery through the detachment of

particles, we allowed ants that had been climbed on 30 wt% TiO,, 20 wt% CaCOg3 paints

(43-45, Table 3.3) to climb on clean glass using a simple double-vial set-up (Figure 3.9). At

PVC 50, the ants could climb up the glass immediately after falling off from the surface of

the painted vial, while they needed 5 minutes and 55 minutes to climb up glass again for the

PVC 60 and 70 paints, respectively. These results support the argument that slipperiness is

mainly due to pad contamination. They also allow us to estimate the self-cleaning time of A.

cephalotes ants, which corresponds to the time needed to remove contaminating particles from

their pads [106, 108].

Paints containing only CaCOj were found to show greater slip-
periness than TiOs-only paints, at PVC 70 in particular, as shown in
Table A3.1. We tentatively explain this by an easier detachment of
CaCOg particles from the paint surface, as CaCOg particles are larger
than TiO, particles (ca. 1 um vs. 300 nm) and as their irregular shape
(platelet vs. spherical particles) prevents strong attachment. Liquid
calcium carbonate-based dispersions have already been shown to be
efficient against termites to prevent wood infestation [24]. Although
one could expect that some pigment particles may segregate to the
bottom of the surface in the absence of thickener [93, 94], SEM mi-
crographs show that both types of particle were present at the surface

(Figure 3.4).

The TiO5 and CaCOj3 particles had similar oil absorption values
(19 and 20 g per 100 g, respectively), which indicate how much binder
is needed to fully cover the particles. Oil absorption was therefore
not considered a significant parameter explaining why the CaCOg
detached more easily than TiOs particles. It is possible that either
insect pads have greater affinity for CaCOj particles, or that TiOq
particles are more tightly bound to the acrylic polymer film. The
latter hypothesis should be tested in further work using polymer-

pigment adsorption isotherms [102].
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It is noteworthy to mention that the paints, depending on the TiOs/CaCO3 combination,
present slight variations in their CPVC (54-63%, Table A3.1). For smaller CPVC values (e.g.
TiO-only paints), it is expected that the particles should detach more easily at PVC 60 and
70, as these PVC values are well above the CPVC. However, this was generally not observed,
in particular for the TiOs-only paints which showed low slipperiness values, and the optimised
formulations containing 20 wt% TiO,, 20 wt% CaCOs, i.e. presenting an approximate CPVC
value of 59%. The effect of the type, size and shape of the extender particles on the paint
slipperiness will be explored in further studies. It is expected that particles larger than the
spacing between the two claws, approximately 69 + 11 pm (n = 25) for A. cephalotes as
measured by SEM, cannot contaminate the ants’ arolia [101]. For particles showing wide size
distributions, only the smaller particles could foul arolia. Contamination may be enhanced
by the capillary adhesion between the ants’ fluid and the particles, similar to that observed

between polymer binder and pigment particles [102].

3.3.5 Long-term slipperiness and paint durability
Since particles detach from the paints, it is important to assess both the mechanical stability, or
durability, and the long-term slipperiness of the coatings. The scrub resistance test simulates
how paints cope with wear over time. Coatings were rubbed with a scrubbing pad and an
abrasive surfactant solution (2.5 g/L sodium dodecylbenzenesulfonate) for either 200 or 2000
cycles at a speed of 36 cycles/min by applying a force of 2.4 N.

We randomly selected three PVC 70 paints from our sample set, which were scrubbed to
200 cycles (Table 3.5). All coatings showed good durability, in particular paint 33 (20 wt%
TiOg, 13 wt% CaCOg), which was further scrubbed for 2000 cycles. Ant climbing tests were
performed on these scrubbed panels.

After scrubbing (200 and 2000 cycles), high slipperiness values were observed for the three
coatings. We found that after being scrubbed, the paint surfaces exposed more loose particles
at their top surface, and one can clearly see that the ants’ pads were heavily fouled (Figure
3.10), in particular with CaCOj3 particles, supporting the earlier assumption that either their
pads present greater affinity for CaCO3 than TiO, particles, or that TiO, particles are more
tightly bound to the coating. The surface roughness values suggest that ants used their claws

to cling to surface asperities, but particles were also found on their arolia.
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Table 3.5: Slipperiness and roughness average (R,) comparison of scrubs panels before and after scrubbing the
paints (200 or 2000 cycles). The values are expressed as mean + standard deviation (SD).

S W e Slipperiness | Slipperiness
2 R, aft
: [TiO2] | [CaCOs] (mg/em?) before g a ALier
Paint (number of scrubs (um) | scrubs (pum)
(wt%) (wt%) cycles) scrubs (%) (%) (n = 6) (n = 6)
(n = 2) (n = 20) (n = 20)
24 10 13 0.38 & 0.08 90 £ 5 100 £ 10 6.0 £ 3.4 94+ 7.2
(200)
0.23 £ 0.05
39 30 6.6 (2000) 87 £ 12 100 + 10 59 £ 4.3 6.8 £4.3
0.75 £ 0.17
11.8 £ 6.3
33 20 13 (2000) 8> 5 100 + 10 4.4+ 35

This further suggests that particle detachment is the main mechanism which prevents leaf

cutting ant workers from climbing on PVC 70 paints.

To measure the long-term slipperiness of the paints, we placed paints of the 30 wt% TiO,

series, with varying CaCOj concentrations (paints 39, 42 and 45, Table 3.3) on the walls at

the bottom of the cage containing a large A. cephalotes colony so that the ants had direct

access to the panels, and recorded the slipperiness over five months. Figure 3.11 illustrates

that the slipperiness gradually decreased over time, and that surfaces were more slippery when

the paints contained more CaCOj3. After five months, the 30 wt% TiOg, 20 wt% CaCOj3 paint

still displayed approximately 70% slipperiness (significant difference between t = 0 and t = 5

months, paired t-test, T = 5.29, P = 0.034).

Figure 3.10: SEM images of (A) contaminated A. cephalotes tarsus after climbing a scrubbed paint panel.
Arrows show contaminating particles. (B) exposed “craters” rich in loose particles after the coating was scrubbed

for 2000 cycles. Scale bars: (A) 10 ym and (B) 1 pm.
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Interestingly, the slipperiness first gradually decreased over the first two months of testing,
and then reached a plateau at about 33%, 60% and 70% slipperiness for paints containing 6.6
wt%, 13 wt% and 20 wt% CaCOsg, respectively. These results suggest that A. cephalotes ants
removed most of the loose, detachable particles within the first two months and thereafter, their
attachment was mainly reduced due to the surface asperities. As particles still detached from
all tested scrubbed paint panels to the ant’s arolia, the particle detachment forces produced by
the ants’ feet may be at least as strong as those in the scrub test.

A similar effect has been proposed for N. alata pitcher plants, where the slippery surface is
composed of two layers of epicuticular wax crystals [56, 57, 60]. The crystals of the upper layer
detach upon contact with insect tarsi and do not regenerate [58]. Mechanical removal of the
whole upper layer using dental wax lift-off left behind a rough bottom layer that still reduced
insect adhesion [53, 56]. Assuming that the upper layer also becomes fully removed by insect
pads, the surface roughness of the bottom layer alone could reduce insect attachment. However,
it is unclear to what extent the upper layer is removed by insect feet under natural conditions,
and if the remaining surface is comparable to that obtained via experimental lift-off. The SEM
of ant pads after climbing the paints, after being placed for five months in the colony cage,
showed that there were no more particles attached to their arolia (Figure A3.3).

The profilometry measurements of the paint panels showed the roughness average R, had
dramatically increased due to pigment removal, by 330% on average, and was significantly
different for paints 39 (Mann-Whitney Ujpg = 0, P = 0.001) and 45 (Ujpg = 0, P = 0.001),

but not for 42 (Uyps = 18, P = 0.211) between t = 0 months and t = 5 months (Table A3.4).
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It is important to note that the number of climbing ants decreased over time as a result of
behavioural adaptations (A.F., personal observation). In real-life conditions, it is assumed that
after a few climbing trials, insects would forage or nest elsewhere [88, 109]. From our results,
we estimate that ten ants try to climb the paints per minute, i.e. about 14,000 insects per day
assuming constant activity. From ant pads analysed by SEM after climbing paint 45 (Figure
3.8, PVC 70), about 200 particles were removed by one pad, which is low compared to the
approximate number of 2.9 x10'? particles contained in the paint film (Eq. 3.9, Appendix).
Based on their shape, most fouling particles seemed to be CaCOj3 particles. An estimate of
the removed particle weight was not possible as the ants had left trail secretions on the panels,
possibly to mark their territory [110]. Assuming that 14,000 ants removed 200 particles per
pad daily for two months, then about a billion particles would be removed, i.e. about 3.4%
of the total amount of particles contained in the paint film. Considering these rough orders
of magnitude, this suggests that the fraction of loose pigment and extender particles in the

coating is relatively low as they were removed in about two months by the ants.

It is known that high PVC paints generally present low mechanical stability and low gloss,
in particular when formulated above their CPVC [93]. However, our model paints showed
good durability (Table 3.5), likely due to the absence of hydrophilic compounds, which tend
to decrease the durability (scrub resistance) of coatings. Our CaCOs-only and TiOs/CaCOsg
PVC 70 paints showed a good balance between mechanical properties and long-term, high
slipperiness. However, it must be noted that these coatings are unlikely to withstand outdoor

conditions, e.g. weathering or rain, due to the absence of adequate additives.

3.4 Conclusions

Insect-slippery model paints were prepared using an acrylic polymer binder, 300 nm TiOs and
1 pm CaCOj particles. Our findings show that ant workers (A. cephalotes) could not adhere to
the vertical surfaces of some paints mainly due to particle detachment, in combination with sur-
face roughness. A long-term insect exposure experiment showed that even after detachment of
most loose particles, the paints remained slippery for insects, likely due to their surface rough-
ness. Insect attachment to paint surfaces was mainly related to the following paint formulation

parameters:
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1. Paint PVC (Pigment Volume Concentration): when above the Critical Pigment Volume
Concentration (CPVC), loose particles will detach from the coating and adhere to ant

pads, leading to a loss of contact.

2. The type, dimensions and shape of solid particles: CaCOj3 particles were found to detach
more easily from the paint than TiO, particles, possibly due to their larger size (ca. 1
pm vs. 300 nm, Figure 3.3) and shape (platelet vs. spherical) which may facilitate inter-
locking of claws and pads. Indeed, high PVC TiOs-only paints were not slippery. Paints
containing 20 wt% CaCO3 showed the best combination of slipperiness and mechanical

(scrub) resistance.

The stiffness and yield strength of the coatings has not been tested here but may be impor-
tant, as insect claws or spines can dig into soft substrates to get a grip [111]. The influence of
the latex type (chemistry, particle diameter and temperature properties) as well as the exten-
der (chemistry, size and geometry) will be further investigated. Finally, it will be important to
verify our findings with tests on other insect species. Because of the similar effects of slippery
substrates on insect adhesive pads [37, 70, 87|, the observed trends may apply to all climbing

insects.
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Appendix

A3.1

Paint formulation

Table A3.1: Composition, CPVC, PVC, surface roughness (R, ), peak density, wettability and slipperiness values
of the full set of waterborne paints (45 paints) applied on metal sheets. The CPVC was approximated from
Eq. 3.3. Both R, and peak density were measured via optical profilometry. The slipperiness to A. cephalotes
ants refers to the number of unsuccessful ants in climbing experiments. The values are expressed as mean +
standard deviation (SD). See section Materials and Methods for further explanations.

Approxi- . Water Sl; .
[TiOs] | [CaCO3] | mate CPVC | PVC | R, (um) Fe;i:/erisrgg) contact 1p?;;" )mess
Paint | (wt%) | (wt%) (%) (Eq. %) | (n=6) | PO/ angle (°) 7
(n = 6) (n = 20)
3.3) (n =4)

1 10 0 54 50 | 2.8 +£04 56 + 6 64 + 7 20 + 10
2 10 0 54 60 | 2.7+0.2 | 339+ 101 98 + 3 90 + 10
3 10 0 54 70 | 47 +18 23 + 8 89 + 6 0+ 10
4 20 0 54 50 | 2.2+07 | 3744134 79 + 8 20 + 10
5 20 0 54 60 1.9+ 04 42 + 3 102 + 8 10 + 10
6 20 0 54 70 | 5.3+ 1.0 20 + 6 86 + 5 0+ 10
7 30 0 54 50 1.3+ 0.5 46 + 14 86 + 3 20 + 10
8 30 0 54 60 | 2.6 £0.3 30 + 15 100 + 3 40 + 10
9 30 0 54 70 | 53+£05 39 + 12 94 + 3 10 + 10
10 0 6.6 63 50 | 2.5 +0.2 118 + 33 71+ 1 10 + 10
11 0 6.6 63 60 2647; 304 + 51 62 + 3 30 + 10
12 0 6.6 63 70 1.1+ 0.3 150 + 72 83 + 2 85 + 15
13 0 13 63 50 | 2.2+0.3 91 + 24 59 + 2 10 + 10
14 0 13 63 60 134061 394 + 59 73+ 1 30 + 10
15 0 13 63 70 | 24+0.3 67 + 30 84 + 4 100 £ 5
16 0 20 63 50 | 2.8 +0.7 83 + 11 62 + 1 35+ 5
17 0 20 63 60 3%); 49 + 12 71+ 1 20 + 20
18 0 20 63 70 | 3.6+ 1.8 | 626+ 157 84 + 2 75+ 5
19 10 0 54 60 | 2.7+0.2 | 339+ 101 98 + 3 90 + 10
20 10 6.6 59 60 1.2+ 0.5 291 + 70 70 £ 3 20 =10
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Table A3.1: (continued).

. Approxi- Peak density Water Slipperiness
P | (20 | (w0 | 00 (Ba | 00 | (na) | ekl | JRE | 00
| (n=6 | @ (n = 20)
3.3) (n =4)

21 10 6.6 59 70 | 49401 | 1130 + 45 86 + 1 80+ 5
22 10 13 60 50 | 15401 | 1158 +17 | 57+ 3 10 £+ 10
23 10 13 60 60 | 47+0.1 | 1163 + 39 7143 20 + 10
24 10 13 60 70 | 49401 | 1156 + 15 86 + 5 90 + 5
25 10 20 61 50 | 4.6+ 0.1 | 1167 & 46 58 + 1 10 & 10
26 10 20 61 60 | 47401 | 1122 4 42 7141 70 &+ 10
27 10 20 61 70 | 1.9+ 0.4 80 + 14 89 + 1 85+ 5
28 20 6.6 57 50 | 2.04+06 149 + 52 71+ 2 20 + 10
29 20 6.6 57 60 | 1.2+ 0.1 774 + 53 80 + 1 80+ 5
30 20 6.6 57 70 | 26+ 1.2 21 + 13 88 + 1 95 + 5
31 20 13 59 50 | 1.54+04 282 + 37 60 + 5 10 & 10
32 20 13 59 60 | 1.0+ 0.1 313 + 58 7443 10 & 10
33 20 13 59 70 | 1.14+03 | 381 + 159 88 + 6 85+ 5
34 20 20 59 50 | 09402 | 547 + 104 58 + 2 0=+ 10
35 20 20 59 60 | 1.440.1 | 438+ 105 69 + 1 10 & 10
36 20 20 59 70 | 1.9+ 04 363 + 77 87 + 2 90 + 5
37 30 6.6 56 50 | 1.0+ 0.1 270 + 88 68 + 4 10 £ 10
38 30 6.6 56 60 | 1.3+0.2 61 + 13 78 4+ 1 30 + 10
39 30 6.6 56 70 | 1.34+04 | 299 + 136 86 + 5 87 + 12
40 30 13 58 50 | 2.0+04 39 + 34 64 + 1 0=+ 10
41 30 13 58 60 | 2.0+0.8 196 + 93 67 + 1 20 + 10
42 30 13 58 70 | 48401 | 1156 & 41 94+ 1 90 + 10
43 30 20 59 50 | 484+ 0.1 | 1136 + 33 53 + 2 10 & 10
44 30 20 59 60 | 49401 | 1110 + 88 66 + 1 10 & 10
45 30 20 59 70 | 46401 | 1140 + 46 89 £ 3 90 £ 10
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A3.2 Example of TiOs-only paints displaying cracks and their CaCOs3-

only counterpart paints

Figure A3.1: SEM images of 20 wt% TiO2 paints formulated at (A) PVC 60 and (B) PVC 70. The number
of cracks increases with the PVC, which are likely to expand upon contact with the stiff claws of A. cephalotes
ants if the coatings are too soft. SEM images of 13 wt% CaCOj paints formulated at (C) PVC 60 and (D) PVC
70. These paints did not show any cracks. Scale bars: 100 pum.
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A3.3 Effect of peak density

100 @
A
90 -
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Surface slipperiness (%)

201 @ A

101 = @0 M A A AAM

N

T Ak
0 200 400 600 800 1000 1200

Peak density (peaks/mm?)

Figure A3.2: Surface slipperiness (percentage of unsuccessful ants) vs. peak density. For CaCOgz-only paints (red
circles) and TiO2/CaCOj3 solid paints (blue triangles), the slipperiness decreased until reaching approximate
threshold values of 200 and 600 peaks/mm?, respectively (dashed lines). The slipperiness in TiOs-only paints
(black squares) appeared mainly driven by cracks; hence, the slipperiness increased with peak density as the
number of cracks decreased. Error bars were not included for more clarity.
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A3.4 ANOVA (type II) and Principal Component Regression (PCR) of
the slipperiness data for the 45 paints

To avoid artefacts resulting from the ordering of factors in unbalanced datasets, we con-
ducted an ANOVA based on Type II sums of squares. We considered PVC, water contact
angle, R, and peak density as explanatory variables that influence slipperiness. The minimal
model contained several significant interactions that involved all the factors. A correlation
matrix revealed that the explanatory variables of this analysis are correlated with each other,
in particular water contact angle and PVC.

As the explanatory variables were correlated with each other, we conducted a principal

component regression analysis on them, and obtained the following eigenvalues and loadings:

Table A3.2: Results of the ANOVA (type II) analysis performed on the minimised dataset involving PVC, water
contact angle, R, and peak density as explanatory variables. A correlation matrix shows these explanatory
variables are correlated with each other. Values in bold indicate either significant impact on slipperiness or
correlation between factors.

Sum of squares  Degrees of freedom  F-value P-value
R, 0.13063 1 1.81 0.187
Wettability 0.25783 1 3.57 0.066
Peak density 0.37667 1 5.22 0.028
PVC 0.93406 1 12.94 < 0.001
Wettability x peak density 1.00106 1 13.87 < 0.001
R, x PVC 1.24202 1 17.21 < 0.001
Residuals 2.74309 38
PVC Water contact angle R, Peak density
PVC 1
Water contact angle 0.72 1
R, 0.084 -0.11 1
Peak density 0.038 -0.2 -0.0069 1

The first three principal components have eigenvalues greater than 1 and explain 94.6% of
the variation. The first principal component (PC1) is mainly associated with PVC and water
contact angle, whereas PC2 and PC3 are mainly linked with R, and peak density (positive and
negative associations) and hence mainly describe surface roughness. A linear model estimate

for (arcsine-transformed) slipperiness based on the first three principal components is:

Slipperiness = 38.6 — 17.2 PC1 + 6.7 PC2 —9.9 PC3 (3.5)
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Table A3.3: PCR loading matrix for the following factors: PVC, water contact angle, R, and peak density. A
linear model estimate for (arcsine-transformed) slipperiness using PC1, PC2 and PC3 is also presented.

Principal component analysis of explanatory variables

Eigenvalue 1.741 1.041 1.001 0.216
Proportion 0.435 0.260 0.250 0.054
Cumulative 0.435 0.696 0.946 1.000

Loading matrix

PC1 PC2 PC3 PC4

PVvC -0.902 0.282 -0.102  -0.311

R, 0.038 0.745 0.661 0.080

Water contact angle -0.940 -0.103 -0.038 0.323
Peak density 0.205 0.630 -0.743 0.097

Estimate Standard error ¢-value P-value

Intercept 38.6 3.748 10.298 < 0.001
PC1 -17.198 2.873 -5.987 < 0.001
PC2 6.678 3.715 1.798 0.080
PC3 -9.937 3.788 -2.623 0.012

All three PCs were at least marginally significant, and PC1 had the strongest effect (Table
A3.3).
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A3.5 Long-term slipperiness

Table A3.4: Slipperiness and surface roughness average (ra) comparison of 30 wt% TiO2, PVC 70 paints with
different CaCOj contents, before (t = 0) and after 5 months of continuous exposure to climbing ants. T-values
and P-values are the results of paired ¢-tests on slipperiness (a = 0.05). U-values and P-values are the results of
Mann-Whitney tests on surface roughness (« = 0.05). The values are expressed as mean + standard deviation

(SD).

T5-value Ui amviihine
Slipperi- Slipperiness at t | (P-value) R att— R, at t = ( P:value)
. . ness at t = = 5 months (test for - " | 5 months
Paint | [TiOg] | [CaCOs] ; 0 (pm) (test for
(%) (%) 0 (%) (plateau) (%) | change in (n = 6) (pm) b
(n = 20) (n ~ 40) slipperi- (n = 10) Ra)
ness) “
14.82
39 30 6.6 90 £ 5 33 £ 10 (0.004) 1.3+04 95 1.1 0 (0.001)
8.01
42 30 13 100 £ 5 60 £+ 10 (0.015) 4.8 £0.1 5.7+ 1.9 18 (0.211)
5.29
45 30 20 100 £ 5 70 £ 10 (0.034) 46 £0.1 76 +£13 0 (0.001)

An estimate of the number of particles in the PVC 70 paint film (paint 45, 30 wt% TiOa,

20 wt% CaCOg3) was calculated as follows:

N,

articles —

mg total

Mk, single

(3.6)

Assuming spherical particles (300 nm TiOy and 1 pm CaCOg particles), the mass of the

individual particles (my_ singte) ave:

McaCO3,single —

MTi0q,single =

VTiOz X PTio, = 5.8 X 10717 kg

Veacos X poacos = 1.4 x 1077 kg

(3.7)

Where Vrio, ~ 1.4 x 1072° m? and Viogco, = 5.2 x 107 m? is the volume (both calculated

assuming spherical shape), and prio, = 4.1 g/cm?® and pc.co, = 2.7 g/cm? is the density of

the particles. The total mass (my tora;) Of particles in the paint film is given by:

MTi0, total =

McaCos total =

030 xA xt x d= 017y

020 x A x t x d= 011g
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With ¢, the dry film thickness (57 pm), A the film area (10.5 cm x 8.5 cm) and d the wet

paint density (1.1 kg/L). Leading to:

Nrio, = 2.9 x 102 particles 39)

Ncacos = 7.9 % 10%° particles

There were N = 2.9 x 10'? solid particles in the paint film, i.e. 14,000 ants climbing daily

on the panel removed approximately 3.4% of particles.

Figure A3.3: SEM of A. cephalotes ant tarsi after climbing on 70% PVC paints formulated with 30 wt% TiO4
and (A) 6.6 wt% CaCOg3; (B) 13 wt% CaCOj3 and (C) 20 wt% CaCOs. The paint panels had been left in the
colony cage for five months and no particles could be observed on the tarsi. Scale bars: 100 pm.
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The feasibility of JKR-type experiments (Johnson—Kendall-Roberts) to investigate the adhesion properties of
paint coatings slippery to ants was assessed with PDMS hemispheres mimicking insects’ adhesive pads. In the
presence of small pigment extender particles and low concentration of polymer binder, paints can be rendered
slippery as insects’ adhesive pads detach particles and fall from vertical painted surfaces. Using one hemisphere
per paint sample, a decrease in adhesive stress (adhesion/contact area) was observed for all paints, even when
they were non-slippery or when no pigment particles detached from the coatings, underlying that some uncured
oligomers probably transferred from the PDMS to the coating, as shown by FTIR-ATR experiments. The experi-
ments allowed us to access the number of pigment contaminants present at the surface of the PDMS hemispheres,
which was found not to be related to the paint slipperiness, i.e. the number of insects sliding from wvertically
oriented coatings. In its current form, the test needs to be improved in terms of reproducibility to be used as an

alternative to insect climbing tests or to measure the adhesion of coatings in a reliable way.
Aurélie Féat®P, Marleen Kamperman® ¢, Martin W. Murray® and Jasper van der Gucht?
2AkzoNobel Decorative Paints, Wexham Road, Slough, SL2 5DS, United Kingdom

bPhysical Chemistry and Soft Matter, Wageningen University, Stippeneng 4, 6708 WE, Wageningen, The Netherlands
¢Zernike Institute for Advanced Materials, University of Groningen, Nijenborgh 4, 9747 AG Groningen, The Netherlands



Chapter 4

4.1 Introduction

Insects climb surfaces using two main, complementary mechanisms: interlocking with substrate
protrusions and pad adhesion. Insect claws and spines cling with surface asperities, given that
the claw tip diameter is smaller than the protrusions [1, 2]. Adhesive pads comply with surface
asperities to maximise adhesion and are distinguished into two categories: hairy and smooth
pads [3, 4]. Insects such as beetles and flies possess hairy pads, while smooth pads are found
in e.g. ants and cockroaches. Both types of pads secrete an adhesive fluid which is thought to
increase the pad/surface contact area through capillary adhesion by filling in surface asperities
[2, 5-7]. The purpose and composition of the fluid is however still under debate [8-10].

Our previous studies (Chapter 3) showed that model coatings slippery to insects (Atta
cephalotes ants) could be prepared when using a relatively large amount of pigment and exten-
der, as the loose particles have been shown to detach and adhere to the adhesive pads of A.
cephalotes ants. In particular, the paints become more slippery once the paints are formulated
above their Critical Pigment Volume Concentration (CPVC), i.e. the pigment-to-binder ratio
indicating at which Pigment Volume Concentration (PVC) there is not enough polymer binder
to fully wet the particles [11], which can then easily detach upon contact with the sticky feet
of insects. Such “insect-slippery” paint coatings can have applications for bio-friendlier alter-
natives to insecticides and insecticidal paints. Measuring the adhesion of the coatings, .e. the
force needed to detach PDMS from the coatings, is hence of interest to offer a better insight of
their slippery properties as it is expected that adhesion decreases upon repeated measurements
as particles detach from the paint.

Whereas adhesion tests are available in the coating industry, such as the “crude” cross-cut
test consisting in cutting a cross-hatch lattice and removing it using tape [12], or the pull-off test
which assesses the minimum tensile stress to detach a coating from its surface [13]; they cannot
explain how pigment and extender particles detach from coatings at the scale of an insect pad.
Atomic force microscopy (AFM) is a useful tool to measure the adhesive properties of surfaces
at the nano- and micro-scale. It has for instance been used to measure the adhesion between
contaminants and beetle pads [14] or to measure the adhesion of individual hairs (setae) of
hairy pads [15, 16]. However, to the best of the authors’ knowledge, AFM has not been used

to directly measure the adhesion of pads to substrates, as one can imagine such tests would be
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difficult to perform in practice.

Single insect pad adhesion (and friction) has been successfully measured with load cells in a
various number of studies, see e.g. [5, 17, 18]. In short, insect pads are brought into contact with
a surface, allowing both the adhesion and friction forces to be measured. Although possible
[19], performing this test on ants remains challenging as they possess retractable adhesive
pads [20, 21]. Purtov et al. recently reported that PDMS probes could be used in pull-off
experiments to measure adhesion of epoxy substrates with varying roughness and presenting
low adhesion [22]. Similarly, Gorb et al. recently compared the traction of Coccinellids and
adhesion performances of PDMS probes on alkane wax coatings [23].

Using a similar procedure, we tested in the present work the feasibility of pull-off tests
(Johnson—Kendall-Roberts (JKR)-type experiment) to investigate the adhesion properties of
our slippery paint coatings (Figure 4.1). Repeated contacts were performed as the paints
were connected to a load cell. The JKR test consists of approaching a rigid sphere onto a
deformable sample with a known load and velocity, the pull-off force (adhesive force) being
measured during the sphere retraction [24]. To this end, we prepared polydimethylsiloxane
(PDMS) hemispheres (1 mm diameter) to mimic ants’ adhesive pads (‘deformable’ sphere) and
repeated some pull-off measurements using paint samples (‘rigid” surface). PDMS, such as the
commonly used Sylgard 184, is inexpensive, non-toxic, easy-to-use and chemically inert. The
objectives of the present study were to assess if (1) pull-off experiments using PDMS insect
pads can be used as models to understand why the paints are slippery to insects and (2) to
quantify the contamination occurring after contact of PDMS on the paints and investigate if
it is PVC-dependent as observed in tests with Atta cephalotes ants (Chapter 3). JKR-like
experiments allowed us to measure the paint/PDMS contact area and pull-off force (adhesion

force), while the hemispheres’ contamination, if any, was assessed with optical microscopy.

4.2 Materials and methods

4.2.1 Materials

To formulate the paints, an acrylic binder prepared by emulsion polymerisation and presented
in Chapter 3 was used (68 nm + 1 nm (n = 10, T, 28.0 °C £ 0.8°C (n = 3)). The titanium

dioxide pigment used was supplied by Cristal (Grimsby, UK) and is an aluminate- and zirconia-
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coated rutile with a density of 4.1 g/cm?® and a mean particle size of 300 nm. The extender
was a ground calcium carbonate from Omya (Orgon, France), with a density of 2.7 g/cm?® and
a mean particle size of 1 pm. Sodium dodecyl sulphate (SDS, CMC = 7.9 mM) was used to
disperse the pigment and extender in the paints and was supplied by VWR (Lutterworth, UK).
Texanol (Eastman, Kingsport, TN, USA), a coalescent was used. The paints were neutralised
using AMP 95 (Sigma-Aldrich, Gillingham, UK).

The surface energy of the coatings was measured using the following liquids: Milli-Q water,
ethylene glycol (Fluka, Steinheim, Germany) and 1-bromonapthalene (Alfa Aesar, Heysham,
UK).

For the fabrication of the PDMS spheres (procedure described below), we used OOMOO
Clear Flex 50 (Smooth-On, Easton, PA, USA), perfluorodecyltrichlorosilane (Sigma-Aldrich,
Zwijndrecht, The Netherlands) and Sylgard 184 (Dow Corning, Seneffe, Belgium).

4.2.2 Waterborne paint model systems and characterisation

Paint preparation
Twelve waterborne paints were prepared as follows: 70 wt% TiOs and 75 wt% CaCOg slurries
were prepared by dispersing the solids in water at about 2000 rpm with 0.4 wt% and 0.3
wt% SDS, respectively. The optimum amount of surfactant was determined by the minimum
viscosity dispersant demand method [25, 26]. Various TiOy and CaCOj3 quantities (10, 20, 30
wt% and 13, 20 wt%, respectively) were combined at three different PVCs (50, 60 and 70) by
adding the corresponding amount of neutralised acrylic latex. 3 wt% Texanol, based on the
total formulation, was added to each paint formulation to aid the latex coalescence process and
limit the formation of cracks. The pH of the paints was brought to 8-8.5 by adding AMP 95.

The paints displayed an average approximate CPVC of 59% + 1%.

Coating characterisation
The paints were applied on metal panels (10.5 cm x 8.5 c¢m) using a film applicator (TQC
Sheen, Rotterdam, The Netherlands) with a wet thickness of 100 pm and dried 24 hours at
21.5 + 0.4°C and 49 + 1.9%RH. The panels were 0.15 mm thick steel sheets from Ernst Sauter

AG (Reinach, Switzerland) and possessed a surface roughness of 0.9 ym + 0.2 pm.
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Table 4.1: Surface tension and its components for model liquids used in the calculations.

Liquid Surface tension (mN/m) Dispersive contribution (mN/m) Polar contribution (mN/m)
Water [27] 72.1 19.9 52.2
Ethylene glycol [28] 47.7 26.4 21.3
1-bromonapthalene [27] 444 444 0.0

The surface roughness of the coatings was measured using NanoFocus pScan Explorer (Ober-
hausen, Germany). Six measurements of 1 mm x 1 mm area (500 nm XY-resolution, 15 nm
Z-resolution, 1001 pixels x 1001 pixels) were performed on the panels. The average roughness
(R,) profiles were analysed with psoft analysis. A ‘peak’ was defined as any asperity larger

than 5% of the highest asperity, enabling to access the peak density from the roughness profiles.

The surface energy of the coatings was calculated on an OCA 50, DataPhysics (Filderstadt,
Germany) using the Owens-Wendt method [29]. Three model liquids were used to perform
contact angle measurements: water (polar liquid), ethylene glycol and 1-bromonapthalene (non-
polar liquid) [27, 28] (Table 4.1). The total surface energy (SFE) is calculated as the sum of the
dispersive (van der Waals interactions) and polar contribution (Coulomb interactions) towards
the surface energy. Four measurements were performed per panel using 5 pul. droplets. The

tests were performed at 21.3°C & 1.0°C and 40% 4+ 1%RH.

Insect climbing experiments

Leaf cutting ant workers (Atta cephalotes L.; Hymenoptera, Formicidae) were used as model
insects in the climbing experiments. The ant workers first had their pads cleaned by allowing
them to walk on soft tissue paper (Tork, Dunstable, UK) and were then placed on a paint-free
starting platform (1 cm? of 201E masking tape, 3M, St. Paul, MN, USA) located in the middle
of the vertically oriented paint panel (100 pm thickness). Once 4 (out of 6) legs had left the
starting platform, the time needed to reach the edge of the paint panel was measured. The test
was discarded if the insect slipped from the surface within less than three seconds after placing
it on the starting platform. The insect was considered “unsuccessful” if it slipped or did not
reach the edge of the panel within two minutes. Ants that reached the edge of the paint panel
by walking were considered “successful”. Ten ants were tested on each paint panel; each ant

was not used more than three times per day to avoid any adaptive or learning effects [30]. The
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paint slipperiness was calculated as follows:

, , , 100 x number of unsuccessful ants
Paint slipperiness (%) = number of tested ants (4.1)

Indian stick insects (Carausius morosus, Sinéty; Phasmatodea, Phasmatidae) were used
in contamination studies following the same climbing trial procedure. After the test, their
front legs were isolated by fixing the rest of their body to a stiff wire using Blu-Tack (Bostik,
Leicester, UK), allowing single-pad observation wia light microscopy (Leica DRM (Heidelberg,

Germany) connected to a Nikon D750 (Tokyo, Japan).

Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) images were obtained with JSM7001F from JEOL (Tokyo,
Japan) by prior sample coating with a 30-nm carbon layer using Q150T ES (Quorum Tech-
nologies, Laughton, UK). The images were recorded at an acceleration voltage of 10.0 kV.

To observe ant legs under the SEM, the samples were prepared as follows: immediately
after climbing paint surfaces, the legs were cut off and mounted on SEM stubs using conductive
carbon double-sided adhesive tape. The samples were frozen for 48 hours to limit deflation of
ants’ adhesive pads (arolia) and facilitate the observation of particles [20]. Samples were then
coated with a 30-nm carbon layer. Control ant samples which had not climbed the paints were
observed under the SEM to verify that the contaminants present on pads only came from the

coatings. The images were recorded at an acceleration voltage of either 5.0 or 10.0 kV.

4.2.3 JKR-like adhesion testing

We used PDMS hemispheres to model insect adhesive pads, which present the advantage that
their flat side can be fixed to glass slides to observe the contact area from beneath. They
were prepared as follows: a polyurethane mould was first prepared by mixing the two parts of
OOMOO Clear Flex 50 (ratio 2:1) from Smooth-On and poured in a Petri dish. Steel spheres
of 1 mm diameter with a surface roughness of 0.100 um (Fabory Nederland, Tilburg, The
Netherlands) were dropped into the polyurethane which had been previously degassed under
vacuum. The OOMOO was left to cure for 15 hours, after which the steel spheres were removed

using a pair of tweezers. Homogeneity of hollow depth created by the steel spheres was ensured
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Load cell
Amplifier XYZ motor
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Paint
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Video -
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Figure 4.1: Schematic experimental set-up for measuring adhesion and contact area of PDMS /paint systems.
The dashed line shows the contact area.

to form PDMS probes of same height in later stages [22]. The polyurethane rubber was coated
by chemical vapor deposition of perfluorodecyltrichlorosilane by depositing a few drops on a
glass slide in a desiccator where the rubber was placed. This treatment step allows to decrease
the surface energy of OOMOO, hence decreasing its tackiness.

PDMS Sylgard 184, prepared at its ‘standard’ 10:1 ratio (pre-polymer (vinyl end-capped
oligomeric dimethyl siloxane) to cross-linker (methyl hydrosiloxane)) was pre-mixed and poured
onto the polyurethane. To cure the PDMS, the Petri dish was placed in a 65°C oven for 24
hours. This higher curing temperature than recommended by the supplier (48 hours, 25°C) was
used to decrease the oligomer (non-crosslinked fraction) amount. In addition, PDMS was not
used immediately after being prepared [31, 32]. Once cured, the PDMS was carefully peeled off
from the polyurethane and the formed PDMS hemispheres could be readily used in the adhesion
tests after fixing them to a glass cover slip. The probes were kept at room temperature before
being used for measurements. The PDMS hemispheres could only be used in combination with

one paint as washing them in ethanol and isopropanol led to a loss of their adhesive properties.
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JKR-type adhesion experiments were performed to measure the adhesion forces of different
paint samples on PDMS lenses (Figure 4.1) using a similar set-up to the one described in [33].
We used a 250 g capacity load cell from FUTEK (Irvine, CA, USA) and a signal amplifier (SG-
3016, ICP DAS, Taipei, Taiwan). The load cell, to which the paint panel was glued (0.8 mm?),
was moved by a three-dimensional motor (C-663.12 Mercury Step Stepper Motor Controller,
1 Axis, Physik Instrumente, Karlsruhe, Germany) to be brought in contact with the PDMS
(1 mm diameter) using a load of 10 mN (0.2 m/s speed). The resulting adhesion between the
PDMS and the paint was recorded with a custom-made MatLab program. The contact area was
recorded under reflected light using a Zyla 5.5 camera (Oxford Instruments, Abingdon, UK)
and manually measured using ImageJ (Version 1.51r, National Institutes of Health, Bethesda,
MD, USA). 10 mN load ensured the contact area to be visible within the camera’s field of view.
Three positions on the paint were randomly chosen in the experiments, where 21 pull-offs were
performed on each.

A typical force-displacement curve obtained in pull-off experiments is given in Figure 4.2.
The elastic modulus of the PDMS probes was evaluated using some of the force-displacement
curves obtained on the paints according to the JKR-based 2-point method proposed by Eben-
stein & Wabhl [34]. The reduced E-modulus of the hemispheres was 1.3 £+ 0.2 MPa, which is in

line with PDMS prepared at its ‘standard’ ratio [32].

10 A

Figure 4.2: Typical  force-
displacement curve obtained
during pull-off tests on different
paint surfaces. The PDMS probe
was approached until contact with
Load the paint substrate was reached
(indentation).  After applying a
10 mN preload, the probe was
retracted. The PDMS hemisphere
adhered to the paint sample until
a critical force, the pull-off force,
Pull-off)lcorce was reached and the hemisphere
detaches from the paint sample.

-#-Indentation

—@-Retraction

Force (mN)

0.45 0.47 0.49 0.51 0.53 0.55 0.57 0.59
Paint-PDMS distance (mm)
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4.2.4 Post-test analysis of PDMS and paints
The contamination of the hemispheres after the 63 pull-offs was assessed by light microscopy
(Olympus BX60, Tokyo, Japan). Note that this was only done after all pull-offs were performed
so that the PDMS hemisphere’s position remained unchanged with regards to the camera
capturing the contact area. An estimate of the density of the contaminating pigment /extender
particles was measured with ImageJ, where the size of the aggregates was not considered. In
the studies where we investigated the effect of sample load on the density of contaminants, the
PDMS hemispheres were observed by light microscopy after each pull-off, which were performed
at increasing load.

The presence of oligomers of PDMS [31, 35-37] on the paints after being in contact with
the PDMS lenses was assessed by FTIR-ATR using a Nicolet iS50 FTIR spectrometer (Thermo
Scientific, Madison, WI, USA). The PDMS lenses were left in contact with the paints (11 g load,
24 to 120 hours contact) and the FTIR spectra of the paints were recorded regularly over time.
These relatively high load and time were necessary due to the moderately low sensitivity of the
method. The increase in the intensity of the PDMS-corresponding peaks was monitored on the
coatings to see if PDMS oligomers transferred from the lenses to the paints. PDMS exhibits
peaks at 789-796 cm~! (-CHj3 rocking and Si-C stretching in Si-CHs), 1020-1074 cm ™! (Si-O-Si
stretching), 1260-1259 cm™' (CHj deformation in Si-CHj), and 2950-2960 cm™! (asymmetric
CHj stretching in Si-CHjy) [38].

4.2.5 Statistics
Unless otherwise stated, statistics were Pearson’s correlations tests performed with Design-
Expert 10. In other instances, unpaired t-tests and repeated measures ANOVA were carried
out in Excel 2016 (Microsoft Office, Redmond, WA, USA). The data was assessed for normal
distributions using Kolmogorov-Smirnov tests prior to statistical analysis using Social Science

Statistics (https://www.socscistatistics.com).
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4.3 Results and discussion

4.3.1 Pull-off experiments

Introduction
In this work, we assessed the feasibility of the method to mimic insect adhesive pads in climbing
tests on paints by addressing the following questions: (1) Can different PDMS lens morphologies
be used in a repeatable way? (2) Are the results relatable to the insect climbing tests? (3) Can
we predict the number of pigment particles which adhere to ants’ pads?

The paints contained different amounts of TiO5 and CaCOg3 and different amounts of poly-
mer binder (50%, 60% and 70% PVC). They presented slipperiness values ranging from 10%
to 90% in ant climbing trials. The approximate CPVC of the paints, i.e. the PVC at which
there is not enough binder to fully wet the pigment and extender particles, ranged between
58% to 61%. Examples of paint coatings with increasing PVC are shown in Figure 4.3, which
highlight the effect of the PVC as the paints formulated above their CPVC (Figure 4.3B and
C) lack polymer to bind efficiently all particles. This indicates that the particles detach more
easily when PVC > CPVC.

Figure 4.3: SEM images of 10 wt% TiO,, 13wt % CaCOj3 paint surfaces with varying PVC: (A, D) PVC 50,
(B, E) PVC 60 and (C, F) PVC 70. Paints showed in (B, E) and (C, F) are formulated above their CPVC.
Scale bars: (A)-(C) 100 ym and (D)-(F) 1 pm. The images are from Chapter 3.
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Data extracted from the pull-off force experiments
A typical force-displacement curve is given in Figure 4.2: the PDMS probe was approached
until achieving contact with the paint substrate (indentation stage). After applying a 10 mN
preload, the probe was retracted (retraction stage). The PDMS hemisphere adhered to the
paint sample until a critical force, the pull-off force, was reached and the PDMS hemisphere
detached from the paint sample. The PDMS/paint adhesion was likely due to van der Waals
interactions, given that they are only significantly strong at very small distances (< 10 nm) and
that the measured adhesion values were rather small (0.35 mN =+ 0.17 mN for all paints) (Figure
4.2). PDMS was probably too deformable (viscous flow of the polymer near the surface [24, 39])
for interlocking between the paints’ asperities and that of PDMS (surface roughness of 0.100
pm assuming a 1:1 replication of the steel spheres) to contribute to adhesion by mechanical
interlocking [24]. The dependence of the adhesive stress (adhesive force/contact area) on the

number of contacts showed four typical behaviours, which are shown in Figure 4.4A.
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Figure 4.4: (A) Four behaviours of adhesive stress (adhesion force/contact area) were observed in the pull-
off experiments which are hypothetically due to: (1) decrease of adhesive stress without observed particle
detachment, suspected to be due to oligomer transfer, (2) sharp adhesive stress decrease due to particles adhering
to PDMS, (3) hypothesised transfer of particles from PDMS back to the paint; and (4) plateau in case of
“saturated” PDMS or non-detachable particles. These respective behaviours were observed following the pull-
off experiments and microscopy observations for the 12 paints as follows: 1. 42%, 2. 83%, 3. 33% and 4. 33%.
(B) Dependence of the pull-off force on number of contacts at the second position on paint 4 (10 wt% TiOa,
20 wt% CaCOgs, PVC 70). The pull-off forces were extracted from the force-displacement curves (Figure 4.2).
The A; adhesion value represents the first pull-off force value measured and should be the largest value in case
of oligomer transfer or particle detachment. Aqteqr refers to the adhesion force once a plateau is reached and
AA is proposed to be the adhesion necessary to either detach particles from a paint or to transfer uncured
oligomers from the probe to the coating. In the occurrence of no particle detachment, the adhesion is expected
to plateau from the first contact.
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We hypothesised the following: if the particles detached from the paint, adhesion was expected
to decrease until reaching a plateau as the contact area between PDMS and the paint was
reduced. In this case, detachment of particles was probably owed to failure of the binder to
retain pigment particles. Alternatively, a similar trend would be observed if some free, uncured
oligomers transferred from PDMS to the coating, as observed on various substrates [31, 37]. We
defined these behaviours as follows: (1) decrease of adhesive stress without observed particle
detachment under microscopy, suspected to be due to oligomer transfer, (2) sharp adhesive
stress decrease due to particles adhering to PDMS, (3) hypothesised transfer of particles from
PDMS back to the paint (regain in adhesion); and (4) plateau in case of “saturated” PDMS
with particles or alternatively, when no particles detached from the paint. In case of (3),
we could not bring experimental evidence that some particles transferred back to coatings as
microscopy was only done after all pull-offs were performed so that the PDMS hemisphere’s

position remained unchanged.

The dependence of the PDMS/paint adhesion force on the number of contacts for paint
4 (second position) is given in Figure 4.4B. We defined A,j4teqn, as the adhesion force at the
plateau and AA = Ay — Apgtean- AA represented the force either needed to detach particles, or
to remove uncured oligomers from PDMS, according to Figure 4.4A. The adhesive stress values
were calculated as ratios of adhesion forces/contact area. The different parameters extracted

from the experiments are displayed in Table 4.2.

Table 4.2: Parameters extracted from the pull-off experiments (see Figure 4.2).

Adhe- Detach-
Parameter Contact area Avere?ge Plateau Detachment force sive Plateau ment
adhesion force pressure
stress pressure
Force necessary to
Averace observe oligomer
& Average transfer or
contact area . . .
adhesion force  Adhesion particle
- over the 21 Aplateau AA
Definition ull-offs at a over the 21 at detachment <A> A A
P given pull-offs at a plateau A=A — Apiateau CA
osition given position A; being the
p initial adhesion
value
Abbrevia-
tion CA <A> Aplateau AA AS Pplateau AP
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Reproducibility

After the 63 pull-offs, the adhesive properties of fouled PDMS lenses were found to be non-
recoverable after cleaning them with ethanol, isopropanol, or even ScotchTM tape (Figure
4.5A). We instead used one PDMS hemisphere per paint. Despite being prepared using the
same procedure (Materials and methods section), the PDMS lenses tended to present different
‘morphologies’; likely due to the peeling stage (Figure 4.6). Hence, the hemispheres yielded
different contact areas (CA) at 10 mN load (73370 pum? + 11112 pm?). Although the average
CA for each set of paints did not differ significantly from the overall average (single sample
t-test: 73370 pum? + 11112 pm?, t;; < 0.01, P = 0.99), the pressure values, calculated with
the contact areas, were used rather than the pull-off forces obtained directly in the tests (Table
4.2).

In addition to the standard procedure followed in (1), where 63 x 10 mN pull-offs were
performed on paints 1-12 using one probe per paint, we investigated the adhesion properties of
paints where: (2) the adhesion of paint 12 was measured using two PDMS different hemispheres;
and (3) with increasing paint load on two PVC 50 and 70 paints (paints 3 and 4). The results

of the pull-off experiments obtained in (1) and (2) are displayed in Table 4.3.

18
A
16 A
—B-Trial 1
— 14 —B-Trial 2

Adhesive stress (kPa
o]

0 5 10 15 20
Number of contacts

Figure 4.5: (A) Evolution of adhesive stress with number of contacts of paint 12 in contact with PDMS. Prior to
Trial 2, the PDMS lens was washed with ethanol, isopropanol and Scotch”™ tape to remove the contaminating
pigment particles. In Trial 1, the lens continuously detached particles from the paint, leading to a loss in
adhesive stress; while in Trial 2, a plateau was quickly reached, indicating no-to-few particles were detached
from the paint. This shows that the PDMS lenses change irreversibly after washing. (B) and (C) SEM pictures
of paint 12 (30 wt% TiO3, 20 wt% CaCOs3, PVC 70) showing polymer fibres surrounding pigment aggregates
(shown by arrows). Scale bars: 1 pm.
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Table 4.3: Composition, roughness (R,), peak density and slipperiness of waterborne paints, and parameters obtained through the pull-off experiments with PDMS
hemispheres: adhesive stress (AS), plateau pressure (Ppigteau), detachment pressure (Pgetacr) and PDMS contamination density. The data is displayed for studies (1)
and (2), i.e. separated for ‘low’ and ‘medium’ to ‘high’ PDMS contamination. The AS values were averaged from the 63 pull-offs, while Ppigtequ and Pgetacn were
averaged from the three sets of 21 contacts. The contamination density was estimated from a variable number of microscope images. The values are expressed as mean
+ standard deviation (SD).

tudy Paint [TiO2] [CaCOs] (%) (n=6) (peaks.nm?) (mN/m) (%) (kPa) (kPa) (kPa) Q.mbm;u\ \
(%) (%) (n — 6) (n = 4) (n = 20) (n=63) (n=23) (n =3) (particles/mm?)
1 1 10 13 50 1.540.1 1158 £17  39.9 + 1.3 10+£10 354+20 74405 22+15 0+0
2 10 13 60 47401 11634+ 39  34.3 +04 20410 76+21 100+1.7 69=+15 140
3 10 20 50 46401 1167+ 46  39.24 0.8 10+10 39420 71443 27+16 1341
4 10 20 70 19404 80+ 14 36.4 + 0.7 85+ 5 31+£19 76+28 24+1.2 8+ 1
5 20 20 50 09402 547 +104 39.7+ 1.1 0+ 10 44+38 96+60 3.7+26 0+0
6 30 20 60 49401 1110+88 3624 0.6 10+10 37408 49+24 33404 77 + 33
7 10 13 70 49401 1156+ 15  36.6 + 0.7 90 + 5 32422 62439 34+13 149 + 109
8 10 20 60 47401 1122442 3404 0.5 704+10 24421 92409 15+0.1 277 + 155
9 20 20 60 1.4401 438+105 3594 0.6 10+10 6.0+32 11.14+27 45+18 282 + 162
10 20 20 70 19404 363+£77  36.6+0.2 90 + 5 38437 134+65 18+13 1944 + 1883
11 30 20 50 4.8+ 0.1 1136 £33  41.54 0.9 10£10 49413 59+20 4607 394 + 137
12 30 20 70 46+0.1 11404+ 46 37.24 0.9 904+ 10  95+38 95+28 86=+3.0 617 + 333
2 12 30 20 70 46401 1140 +46 37.240.9 904+ 10 95+38 95+28 86=+3.0 617 + 333
12 30 20 70 46401 1140+ 46 372409 90 + 10 39428 194205 32+28 75 £ 49
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4.3.2 Adhesive properties of paints 1-12

Contamination of paints (by PDMS oligomers) and PDMS probes (by pig-

ment particles)

Contamination of adhesive structures of insects leads to a loss of pad/substrate contact and
therefore to reduced attachment [14, 40, 41]. We previously showed that our paints were slippery
to insects due to pigment particles detaching and adhering to ant pads, and that this effect
increased with increasing PVC as PVC > CPVC (Chapter 3). In the following, we tentatively
assess if large drops in adhesive stress, followed by plateaus, were either due to contamination

of paint by PDMS oligomers, or of PDMS by pigments (Figure A4.1).

The figures showing variations of adhesive stress with increasing contact number are given
in Appendix A4.1 A4.1. 63 x 10 mN pull-offs were performed on the PDMS lenses (Table
4.3). In none of the pull-off tests performed on paints 1-12 were the variations in contact area
significant (repeated measures ANOVA, F, 4 = 1.19, P = 0.494 on average), indicating that the
observed changes in adhesive stress (adhesion/contact area) were mainly due to differences in
adhesion force. One may expect that contamination, if occurring, would reduce both contact
area and adhesion, leading to constant adhesive stress values over the course of experiments
[40]. However, Figure 4.6 highlights that cracks were present in the centre of some hemispheres
and were probably induced when removing the steel spheres from the polyurethane mould with
tweezers during probe preparation (PDMS probes 5, 10, 11 and 12). These cracks may have
further grown upon contact with the asperities of the paints. We did not observe any change
in crack size under optical microscopy, but crack initiation occurring due to lack of cohesion in

PDMS [22] may explain why differences in adhesion were observed.

e

Figure 4.6: Examples of PDMS hemispheres observed by light microscopy used prior to adhesion testing with
paints 1, 10 and 12. Scale bars: 200 pm.
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Kroner et al. studied the transfer of PDMS oligomers to glass and found that the pull-
off force continuously decreases as PDMS oligomers are transferred to glass until reaching a
plateau as an equilibrium is reached, similarly to Figure 4.4B [31]. This initial drop in adhesion
was found to be less pronounced when increasing the curing time, storage time and crosslinker
concentration during PDMS preparation [31]. All paints showed a decrease of adhesive stress
before plateauing (AP), similarly to Figure 4.4A1 and A2, even when no-to-little fouling could
be observed under microscopy. Despite our precautions to cure PDMS for longer periods than
recommended by the supplier to avoid the presence of oligomers, these results suggest that the
decrease in AS observed for paints 1-6 was mainly due to oligomer transfer, as large polymer
fractions do not undergo crosslinking (5-20% in PDMS) [31, 35] (Figure 4.4A1).

Large initial drops in adhesive stress (AP approximately larger than 4 kPa) were attributed
to oligomer transfer rather than particle detaching between the first and second pull-offs, as no
particles were observed on the PDMS hemispheres in these instances. AS plateaus were reached
on average after 8 &+ 4 contacts, which is way less than the 300 to 1,000 contacts needed in
Kroner et al’s study on glass [31]. From the adhesion stress data, microscopy was needed
to formally distinguish oligomer from pigment particle transfer (Figure 4.4A1 and A2), which
were respectively observed in 42% and 83% of paint coatings. More unlikely, individual TiO,
particles may have detached from these paints and not be observable with light microscopy
(mean diameter: 300 nm), or some particles/aggregates may have fallen off from PDMS during
transport to the microscope.

FTIR-ATR allowed us to observe that PDMS oligomers were deposited on the paint coatings
upon contact with PDMS hemispheres (11 g load). Paints exhibited PDMS-corresponding peaks
typically after 24 hours of contact (Figure A4.15, Appendix A4.2, in particular in the 2820-3000
cm~! (asymmetric CHj stretching in Si-CHjz) and 1220-1300 cm ™! regions (CHj deformation
in Si-CHj) [38]. Both the PDMS load and contact time between paints and PDMS were kept
large in these experiments compared to pull-off measurements as FTIR-ATR is a relatively
low sensitivity method to assess the presence of low amounts of oligomers. Interestingly, upon
re-use of non-contaminated PDMS hemispheres on other paints, an initial drop in adhesion was

still observed (data not shown).
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Two other behaviours are presented in Figure 4.4A. We hypothesised that some PDMS lenses
transferred some pigment particles back to paints (paints 3, 5, 7 and 12, Figure 4.4A3, 33% of
paints). Some pigment aggregates were surrounded by polymer fibres (Figure 4.5B/C). Upon
contact with PDMS or insect pads, it is likely they can detach easily as the binder fractures
and fails to retain them. The polymer binder employed in this study had a glass transition
temperature (7}) of 28°C, and was lowered down when added to paints to maximum 9°C due
to the addition of coalescent [42]. It is commonly acknowledged that low T, polymer films are
tacky [43]. Hence, one could imagine that the transfer of pigment particles back to the paint
coatings may have occurred for loose particles and could stick again to broken polymer fibres
if the PDMS probes were elastic enough [24] (Figure 4.4A3). When PDMS lenses were likely
“saturated” with particles or when particles did not detach from paints if too tightly bound to
polymer, the adhesive stress was plateauing at low values (Figure 4.4A4, 33% of paints).

If particles detach from the paint at position 1, the initial AS values at positions 2 and 3
should be lower than at position 1 due to fouling as impurities prevent full contact between the
paint and PDMS [24, 39]. Similarly, the second and third adhesion plateaus should also be lower
than the first one in case of additional contamination. However, these trends were not observed
in many paints (see Figures in Appendix A4.1). If occurring, the transfer of particles from
PDMS to paints may explain this effect. Overall, we propose that PDMS contamination by
pigments was paint position-dependent, as it did not occur at every position (chosen randomly)
on the paint. The effect of the paints’ surface roughness on PDMS adhesion is reviewed in the

next section.

Effect of surface roughness R, of paints on pull-off experiments
The surface roughness has been found to greatly influence insect attachment forces and we
assessed here if it was also the case for PDMS. Insects use their pads on ‘smooth’ surfaces
(ca. 0 nm roughness), their claws on ‘rough’ substrates (asperity size > 3 um), but both
mechanisms are inefficient in the ‘nano/micro-rough’ intermediary range where attachment
forces are minimised [2, 17, 44, 45]. Interestingly, the work of Purtov et al. [22] showed
that very deformable PDMS (E-modulus of 70 kPa) probes did not reproduce these results:
the adhesion of PDMS was the largest on microrough surfaces, while substrates with large

asperities minimised contact and adhesion (Figure 4.7) [22].
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The contamination was paint position-dependent with regards to the AS trends, suggesting
an effect from the surface roughness, despite a non-significative impact of the roughness or
the peak density on the contamination (Pearson’s r = -0.15, P = 0.637 and r = -0.31, P =
0.327, respectively). Assuming R, values are related to asperity size, then ‘rough’ coatings
(R, > 3 pm) presented similar contamination to the ones in the ‘nano/micro-rough’ (R, <
3 um) range (t-test, Ty = 0.59, P = 0.587). PDMS Sylgard 184, prepared at its ‘standard’
ratio (pre-polymer to cross-linker ratio 10:1), cannot comply with surface asperities as much
as insects’ soft, deformable pads as PDMS possesses a larger Young’s modulus (ca. 1.3 MPa
versus < 100 kPa, Dahlquist criterion for tackiness [6, 46]).

Furthermore, surface roughness (root-mean-square RMS) larger than 1 gm (min. 1.2 pm
in our paints) can significantly reduce adhesion between rubber (E-modulus ~ 1 MPa) and
rigid substrates, explaining the low adhesion values (0.35 mN + 0.17 mN) obtained in the
pull-off experiments [24, 47]. However, all PDMS lenses yielded similar contact areas (73370
pm? £ 11112 pum?), despite the presence of asperities on their surface (Figure 4.6). The surface
roughness of the paints reduced the real contact area of the PDMS probes, as observed in [22],
van der Waals forces being only active once surfaces are very close from each other. These
results suggest that the particle detachment hypothesis does not explain alone why our paint
coatings are slippery to ants. The likely additional mechanism is the surface roughness of the

paints, even if not highlighted in these data (Chapter 3).

Figure 4.7: Schematic contact of PDMS probes on paints
with increasing increasing roughness (asperity size) assum-
ing PDMS is sufficiently elastic. (A) On smooth substrates,
) a full contact between the PDMS probe and the tested sur-
A - smooth B - microrough face is achieved. The real contact area (green lines) is simi-
A A lar to the apparent contact area. (B) On microrough paint
substrates, the soft PDMS probe adapts well to the surface

profile and this results in a larger real contact area. (C) On

rougher substrates, only partial contacts occurs. Purtov

et al. hypothesised that the contact area is similar to the
C-rough D - very rough one obtained on smooth surfaces [22]. (D) On samples dis-

playing large asperities, gaps between the PDMS probe and
‘ ‘ paint substrate are rather large and the real contact area
decreases. The ranges of roughness using asperity sizes can
approximately be defined as follows: (A) smooth: < 50 nm,

(B) microrough: 50 nm-1.0 gm, (C) rough: 1-3 pm and (D)
very rough: > 3 pm [2, 22]. Reproduced from [22].
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Comparison with ants

The adhesion values needed to detach some particles from the paints were low at 10 mN load
(0.35 mN £ 0.17 mN). PDMS lenses tested with paints 1 to 6 showed very little contamination
(16 + 27 particles/mm?), while the ones tested with paints 7 to 12 showed medium to high
fouling (611 # 613 particles/mm? on average). Neither the paint PVC nor the insect slipperiness
were correlated to the contamination density (r = 0.45, P = 0.144 and r = 0.49, P = 0.105,
respectively). One PVC 50 paint (paint 11) surprisingly showed medium level contamination
of PDMS while the pigment particles were embedded in the polymer matrix (PVC < CPVC),
as shown by SEM (Figure 4.3A). Our work in Chapter 3 suggested that ants do not detach
many particles from paints when PVC < CPVC.

Estimating the number of pigment particles present on A. cephalotes pads from SEM mi-
crographs is challenging due to the presence of polymer binder ‘gluing’ the particles together.
For paint 12, we could approximate that 203 particles detached from the paint to adhere to one
pad, i.e. about 348,000 particles/mm? (considering a contact area of 582 ym?, from measure-
ments on Oecophylla smaragdina (Fab.; Hymenoptera, Formicidae) [19]) (Figure 4.8A). This
contamination density value is several orders of magnitude larger than the 617 particles/mm?

we observed on PDMS for the same paint (Figure 4.8B).

Figure 4.8: (A) SEM picture of an Atta cephalotes ant pad after climbing paint 12 (30 wt% TiO2, 20 wt%
CaCOg3, PVC 70), where pigment particles which detached from the paint coating (mainly CaCO3) can be
observed. (B) Light microscopy picture of a PDMS lens’s apex after 63 pull-offs with paint 12, the white circle
indicates where the pigment particles adhered to PDMS. The large feature is a defect from the casting. Scale
bars: (A) 10 pm and (B) 200 pm.
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First, ants do not climb surfaces by only means of normal forces, but also by generating
friction forces [19]. Ants possess smooth pads secreting an adhesive fluid to compensate surface
roughness by filling asperities (wet adhesion), which may help to wash away contaminants [5—
7, 40]. Furthermore, smooth pads also present a stiffness gradient which help insects cope with
surface roughness at smaller length scales [48]. Our results could possibly indicate the number
of pigment contaminants ants could detach in dry adhesion conditions. However, Labonte &
Federle proposed that adhesion of stick insects (smooth pads) in dry and wet conditions were

similar [8].

Differences may also lie in the surface energy of insect pads and PDMS: contaminants cannot
adhere well to low surface energy materials. Sylgard 184 is a low energy surface (24.7 + 2.3
mN/m for our 24 hours cured PDMS at 65°C) and could even be lower in our case due to
the presence of perfluorodecyltrichlorosilane, however necessary in the peeling stage to prepare
the PDMS hemispheres. To the best of our knowledge, the surface energy of insect cuticle
or adhesive pads has not been directly measured, likely due to the small size and unevenness
of the pads. Preliminary data from Dirks & Federle suggested that smooth pads generate
larger adhesion forces on substrates exhibiting higher dispersive than polar contribution [6].
Paints 1-12 displayed 28.4 + 5.2 mN/m dispersive and 8.9 + 6.4 mN/m polar contribution,
hence enhancing attachment forces of climbing ants on the coatings (r = -0.67, P = 0.017
for slipperiness-polar contribution). Low adhesion forces (nN-scale) have been recorded for
particles adhering to insect cuticle [49], suggesting it is easier for fouling particles to adhere to

fluid-wetted pads than to low surface energy PDMS.

In addition, the resulting adhesive stress values (force per unit contact area) were about
eight times lower than the “load stress” (ground reaction normal force/contact area) measured
in O. smaragdina ants (4.7 + 2.0 kPa versus 39.6 & 14.8 kPa) [19]. To the best of our knowledge,
adhesive stresses generated by ants’ arolia have not directly been measured, likely as they are
retractable [20, 21]. Adhesive stress values smaller than 100 kPa have been reported for beetles
and stick insects [40, 50]. Reducing the contact area would have allowed to obtain closer values
to the loads yielded by insects. However, our experimental set-up did not allow this as 10 mN
load was the minimum force necessary to observe the contact area. Alternatively, increasing the

contact time should result in more intimate contact between the PDMS and the coating, leading
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to greater AS [39, 51]. Interestingly, we did not observe such behaviour as both adhesion and
contact area remained constant for contact times between 10 seconds to 150 min (data not

shown).

4.3.3 Adhesive properties of paint 12 in reproducibility trials
Two PDMS lenses were tested on the same paint sample to assess the reproducibility of the
pull-off method, the data is displayed in Table 4.3. As shown previously in Figure 4.5, PDMS
lenses could only be used in combination with one paint as a loss of adhesive properties had
been observed after cleaning.

Using two different hemispheres on the same paint led to different adhesive stress trends,
despite displaying similar aspects (Figure A4.12 and Figure A4.14, Appendix A4.1). In addition,
the PDMS probe used in the tests presented a crack which potentially grew and indicates a
lack of PDMS cohesiveness (Figure 4.6). This shows that our hemisphere production method
needs enhancement, as Purtov and colleagues prepared homogenous PDMS probes using a
similar protocol [22]. In the first trial, particles were detached at the first and third position,
while some particles were supposedly transferred back to the paint coating at position 2. With
the second lens, particles only adhered to PDMS at the third position, with some of them
being transferred back to the paint. Again, transfer of particles (Figure 4.4A3) could not be
experimentally verified as microscopy was performed after the three sets of pull-offs so that the
position of PDMS remained unchanged with regards to the camera capturing the contact area.

The two contamination densities were hence very different (617 particles/mm? versus 75
particles/mm?). As previously discussed, the contamination seemed to be paint position-
dependent and the lack of reproducibility probably indicates why some correlations could not
be seen between the contamination density and the adhesion parameters in the previous section.
These data may also indicate that the 63 pull-offs performed with the first PDMS hemisphere
removed most of the particles detachable from the paint sample at 10 mN load. We hence inves-
tigated in the next section the effect of the paint load on the PDMS contamination, alongside

with the effect of the paint PVC.
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4.3.4 PDMS contamination studies with increasing load
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Figure 4.9: (A) Contact area increasing with paint load for paint 4. The experimental data is compared to
contact between two elastic bodies (Hertz theory) and contact between rough substrates [52, 53]. The contact
area standard deviations were below 4% and are hence not visible. (B, C) Micrographs of the apex of a PDMS
lens (B) before and (C) after being in contact (175 mN load) with paint 4 (10 wt% TiOq, 20 wt% CaCOg3, PVC
70). Scale bars: 50 pm.

An increasing load (10-200 mN) was applied onto the PDMS lenses using paints 3 and 4 (10 wt%
TiOs, 20 wt% CaCO3, PVC 50 and 70, respectively). Only one pull-off was performed for each
paint load and the tests were performed with different PDMS lenses. The aspect of the PDMS
hemispheres was investigated with light microscopy after the pull-off experiments to visually
assess if any particles had detached from the paints to adhere to PDMS (Figure 4.9B/C). The
number of contaminating particles was approximated from the micrographs. The data resulting
from the experiments is shown in Table 4.4.

For both paints 3 and 4, the contact area significantly increased with load for both paints
(r = 0.98 and P < 0.001 for both paints), as predicted by the JKR theory and the theory
developed by Bush et al. for contact on rough surfaces at low normal loads [24, 52]. Figure
4.9A shows the increase of the contact area with load for paint 4, compared to values obtained
for contact between two elastic bodies (Hertz model, eq. 4.2) and between a rough elastic

substrate and a flat rigid surface (eq. 4.3) [52, 53]:

CAx F?3 (4.2)
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rkF
CA = SRS (4:3)

Where CA is the contact area, F' the normal load, VRM S the root mean square gradient of
the surface profile, E the effective modulus and x a dimensionless constant ~ 2 [53]. VRM S is
difficult to measure for “real” surfaces and for the sake of convenience, the RMS value for paint
4 (2.8 pm) was directly used [53]. It can be seen from Figure 4.9A that our experimental data
did not follow Hertz’s prediction for contact between two elastic bodies as we had CA « F
(Eq. 4.2). Our data was more in line with the model developed for contact between a rough
elastic substrate and a flat rigid surface, assuming that VRMS ~ RMS [53].

Accordingly, the density of contaminating particles increased with the load (r = 0.85, P =
0.013 and r» = 0.87, P = 0.001 for paints 3 and 4, respectively, Figure 4.10). For the PVC 50
paint, the AS values gradually decreased as the load force increased (r = -0.72, P = 0.012),
until plateauing from 50 mN onwards. However, for the PVC 70 paint, there was no such trend
regarding AS as large variations in adhesion were observed (r = -0.49, P = 0.129). The PDMS
probe employed in the latter tests showed indeed a heterogeneous appearance (Figure A4.4B).
Table 4.4: Parameters obtained through the pull-off experiments with PDMS hemispheres and paints 3 and 4:
contact area (CA), adhesive stress (45), and PDMS contamination density with increasing load (10-200 mN).
These data correspond to the study (3), where the paint load gradually increased to study PDMS contamination.

The standard deviations on CA were below 4% and are not given for the adhesive stress as the tests could only
be performed once for a given PDMS lens. The values are expressed as mean + standard deviation (SD).

Load (mN) 10 20 30 40 50 75 100 125 150 175 200

Paint 3 — PVC 50 — 10% slipperiness

CA (mm?) 0.072 0.115 0.146 0.163 0.179 0.241 0.299 0.333 0.360 0.389 0.392

AS (kPa) 131 100 49 42 20 29 16 15 15 13 13
COHS?IE;;;“OH 94 66+ 158 221 206 415 324 Zf 5:2!) 544 83:
(particles/mm?) 26 23 38 x31 290 397 + 96 112 162 +95 151

Paint 4 — PVC 70 — 85% slipperiness

CA (mm?) 0.083 0.118 0.155 0.172 0.200 0.250 0.316 0.376 0376 0.416 0.443

AS (kPa) 1.8 5.1 232 105 4.7 3.0 2.9 13.3 2.1 2.2 3.7
inati 3090
Contamination gy 145 148 290 410 447 1540 1175 1644 "
density 0 33 + 1 49 + 170 + + + +
(particles/mm?) 117 208 238 310 537 130 1530
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Both paints led to similar contamination densities for 0-100 mN loads (unpaired t-test, T}9
= 0.03, P = 0.97), from which the PVC 70 paint led to a sharp increase in the density of fouling
particles, evidencing the effect of the PVC (Figure 4.10). These data show that is it possible to
achieve ‘high’ contamination from low PVC, non-slippery paints (10% slipperiness to ants for
paint 3) at ‘high’ load (> 200 particles/mm? above 40 mN), which could possibly be achieved
by large insects. PDMS contamination might have been easier to study at higher loads, but

the decreasing AS data in Table 4.4 shows that this would have increased the gap between AS

generated produced by PDMS and ant pads [19].

Assuming scaling between contamination density and load would be obtained at higher
loads, then the same contamination density of 348,000 particles/mm? we observed on ant pads
for paint 12 would be theoretically possible at 26 N load (Figure 4.10), which is one order
of magnitude larger than our set-up’s load threshold. Indian stick insects (C. morosus) were
found to yield similar adhesive stresses on glass compared to PDMS on paints 3 and 4 at 10
mN load (ca. 15 kPa versus 12.5 kPa) [40]. When used in the climbing trials on paints 3, 8
and 4, pigment particles were indeed observed on their pads (Figure A4.16, Appendix A4.3).
While the PVC 60 paint (paint 8) exhibited the largest PDMS contamination, the PVC 70
paint (paint 4) was however the most slippery to A. cephalotes ants, underlining differences

between the PDMS hemispheres and ant pads.

What would happen if such paints, with insect-slippery properties, were to be applied on

walls? Fingers pressing at ‘low’ load (< 2 N) on flat surfaces exhibit pressures ranging between
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0 and 60 kPa [54, 55]. Given the relative high roughness of the coatings, which would decrease

the paint /finger contact area, it is quite unlikely that particles would detach from painted walls.

4.4 Conclusions
We have studied the feasibility of JKR-like experiments using PDMS hemispheres to replicate
climbing tests performed on paint coatings with Atta cephalotes ants. In its current form, the
test cannot be used to do so as several issues arose:

1. The test lacks reproducibility as the PDMS lenses presented discrepancies in both their

aspect and smoothness.

2. Some paints present decreasing adhesive stress trends even in the absence of contamina-
tion, indicating some PDMS oligomers might have transferred to the paint, despite our
precautions to cure and store the PDMS for longer periods than recommended by the
supplier. Large uncured fractions have indeed been previously observed in PDMS [35].
The presence of oligomers on the paint coatings after being in contact with PDMS has
been suggested by FTIR-ATR. Removing the oligomers upon numerous contacts with
glass slides could have been done prior to the adhesion tests with the paints [31], however

AS plateaus were reached within only 8 + 4 contacts.

3. The contamination results do not follow the PVC and slipperiness trends as it was ex-
pected that the higher the PVC, the larger the contamination (as this leads to higher
slipperiness). This underlies the existence of an additional mechanism providing slipper-
iness, which seems to be neither the surface roughness nor the peak density. Even if not
shown in our set of data, this is however likely as (1) the effect of surface roughness is
known to greatly influence insect adhesion [2, 17, 44, 45] and (2) the contamination was
found to be paint position-dependent. The surfaces of PDMS and ants’ smooth pads also
present different affinities to TiOy and CaCOg3: PDMS is a low energy surface while insect

pads generate higher adhesion forces on surfaces with greater dispersive contribution [6].

4. Furthermore, PDMS hemispheres do not model well enough insect pads in dry adhesion
conditions, likely due to the absence of claws, and the lack of compliance with surface
roughness compared to ants’ soft pads [22]. Smooth pads present a stiffness gradient

which help insects cope with surface roughness at smaller length scales [48]. Interestingly,
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a recent study from Gorb et al. [23] using the same PDMS probes with low E-modulus
(70 kPa, as described in [22]) obtained different results when comparing adhesion pull-offs
and traction experiments of Coccinella septempunctata beetles on wax coatings. Similarly
to us, even if the PDMS hemispheres and insect pads exhibit similar elastic properties,

the material properties are different.

This means that at present, climbing tests still must be performed to measure slipperiness

of coatings to insects. Ways to improve the experiment may include:

1. The preparation of smoother PDMS lenses in a reproducible manner. Very small hemi-
spheres could for example be prepared using lithography or 3D printing. Purtov and
coworkers seemed to have prepared smooth hemispheres in a reproducible manner start-

ing from sapphire spheres as a starting patterned master [22].

2. The removal of all PDMS oligomers by increasing curing time and/or temperature [31, 32].
Higher molecular weight PDMS would lead in an increase in AS when in contact with

surfaces [51].

3. The use of stickier and/or more compliant materials. Different types of PDMS can be
prepared by changing the cross-linker to pre-polymer ratio, thus changing the modulus,
compliance and adhesive properties of PDMS. However, the latter did not allow Gorb and

colleagues to match the adhesive properties of beetles even with similar elastic properties

23].
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Appendix

A4.1 Evolution of adhesive stress with number of contacts between
paints 1-12 and PDMS hemispheres
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Figure A4.1: (A) Adhesive stress with increasing number of contacts of paint 1 on PDMS. Trends at positions
1 and 2 indicate particle detachment, although no particles were observed via microscopy, suggesting oligomer
transfer. (B) PDMS lens used in the tests. Scale bar: 200 pm.
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Figure A4.2: (A) Adhesive stress with increasing number of contacts of paint 2 on PDMS. Trends at all positions
indicate particle detachment, although no particles were observed via microscopy, suggesting oligomer transfer.
(B) PDMS lens used in the tests. Scale bar: 200 pm.
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Figure A4.3: (A) Adhesive stress with increasing number of contacts of paint 3 on PDMS. Trends at positions
1 indicate particle detachment, while some particles were likely transferred back to the paint at positions 2 and
3. (B) PDMS lens used in the tests. Scale bar: 200 pm.

A 18

16 o ——Position 1
é_“ 14 - —@— Position 2
X< 12 - —a— Position 3
(%)
$ 10 -
—
8
()
= 07
O 41
<
T 2 A
<

0 T T

0 5 10 15 20

Number of contacts

Figure A4.4: (A) adhesive stress with increasing number of contacts of paint 4 on PDMS. Trends at all positions
indicate particle detachment, although only a few particles were observed via microscopy, suggesting oligomer
transfer. (B) PDMS lens used in the tests. Scale bar: 200 pm.
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Figure A4.5: (A) Adhesive stress with increasing number of contacts of paint 5 on PDMS. Trends at positions

1 and 2 indicate particle detachment, while pigment particles were likely transferred back to the paint. No
particles could be observed via microscopy. (B) PDMS lens used in the tests. Scale bar: 200 pm.
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Figure A4.6: (A) Adhesive stress with increasing number of contacts of paint 6 on PDMS. Trends at positions
2 and 3 indicate particle detachment, although only a few particles were observed via microscopy, suggesting
the initial decreases in adhesive stress were due to oligomer transfer. (B) PDMS lens used in the tests. Scale
bar: 200 pm.
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Figure A4.7: (A) Adhesive stress with increasing number of contacts of paint 7 on PDMS. Trends at all positions
suggest the PDMS lens detached pigment particles before some of them were transferred back to the coating.
(B) PDMS lens used in the tests. Scale bar: 200 pm.
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Figure A4.8: (A) Adhesive stress with increasing number of contacts of paint 8 on PDMS. Trends at positions
1 and 2 suggest particle detachment, with “saturation” at position 3. (B) PDMS lens used in the tests. Scale
bar: 200 pm.
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Figure A4.9: (A) Adhesive stress with increasing number of contacts of paint 9 on PDMS. Trends at positions
2 and 3 suggest particle detachment. The large initial decrease in adhesive stress at position 1 is likely due to
oligomer transfer. (B) PDMS lens used in the tests. Scale bar: 200 pm.
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Figure A4.10: (A) Adhesive stress with increasing number of contacts of paint 10 on PDMS. Trends at positions
2 and 3 suggest particle detachment. (B) PDMS lens used in the tests. Scale bar: 200 pm.
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Figure A4.11: (A) Adhesive stress with increasing number of contacts of paint 11 on PDMS. Trends at all
positions suggest particle detachment. (B) PDMS lens used in the tests. Scale bar: 200 pm.
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Figure A4.12: (A) Adhesive stress with increasing number of contacts of paint 12 on PDMS. Trends at positions
1 and 3 suggest particle detachment. Some pigment particles were likely transferred back to the paint at position

2. (B) PDMS lens used in the tests. Scale bar: 200 pm.
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Figure A4.13: (A) Adhesive stress with increasing number of contacts of paint 12 on PDMS. Trends at positions
1 and 3 suggest particle detachment. Some pigment particles were likely transferred back to the paint at position

2. (B) PDMS lens used in the tests. Scale bar: 200 pm.
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Figure A4.14: (A) Adhesive stress with increasing number of contacts of paint 12 on PDMS (reproducibility
measurement). Trends at positions 1 and 2 approximately indicate there was no PDMS contamination, while
some particles detached at position 3 with some of them being transferred back to the coating. (B) PDMS lens
used in the tests. Scale bar: 200 pm.
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A4.2 FTIR-ATR spectra of paint 3
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Figure A4.15: (A) ATR-FTIR spectra of PDMS, paint 3 (10 wt% TiO2, 20 wt% CaCO3, PVC 50) and of the
paint after 24 hours, 30 hours and 120 hours contact with PDMS. (B) 2820-3000 cm~! region, where the peak
intensity increased after the paint was in contact with PDMS (asymmetric CHj stretching in Si-CHg). (C)
1220-1300 cm ™! region, where the peak intensity increased after the paint was in contact with PDMS (CHj
deformation in Si-CHg) [32].
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A4.3 Stick insect (Carausius morosus) adhesive pads after climbing
paints containing 10 wt% TiO, and 20 wt% CaCOj

Figure A4.16: Light microscopy images of stick insect (C. morosus) pads: (A) control and after climbing paints
(B) 3, (C) 8 and (D) 4 (10 wt% TiO2, 20 wt% CaCOgs, PVC 50, 60 and 70, respectively). The variations in
colour are due to ageing.

125






Slippery paints: how tuning polymer and pigment size

can prevent ants from walking on walls

As an environmentally friendlier alternative to insecticides, paints inspired by the inner wall surface of pitcher
plants were formulated to provide a slippery mechanical barrier for crawling insects (Atta cephalotes ant work-
ers). Model waterborne paint systems containing only acrylic binder and CaCOs extender pigment have been
prepared. Controlling the particle size of the binder (> 250 nm) and the diameter of the CaCOs particles (<
10 um) can strongly decrease insect attachment to paint surfaces. The coatings were characterised in terms of
contact angle, surface roughness, porosity and scrub resistance, and their slipperiness to insects was measured
in climbing tests. Our data suggests that insects slip due to a combination of (1) transfer of particles from the
paint surface to the sticky pads of insects, (2) adhesive fluid absorption by pores in the paint; and (3) surface
roughness. In optimised formulations, 100% of Atta cephalotes ants slipped and fell from vertical paint panels.
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Chapter 5

5.1 Introduction

Coatings are mostly used for decorative, protective, or functional purposes, for example self-
cleaning, antifouling, anti-corrosive or water-repellency and find applications in many areas such
as vehicles, buildings and furniture [1-3]. In the past decades, global demand for insect-repellent
coatings has risen: many insects are indeed considered pests as they are highly detrimental to
agriculture, forestry, buildings and human health, despite many insects such as pollinators and
seed dispersers being indispensable for ecosystems [4-7]. A major application of such coatings
is found in buildings: for instance, wood-feeding termite damage alone has been estimated
to cost between $2 and $40 billion per annum [5, 8, 9]. Approximately 0.5% of ant species
are considered pests as they search for food or establish their nests in walls, some of which
have been acknowledged to be the most difficult pests to eliminate [10-12]. Insecticides are
efficient at preventing insects from entering buildings, but are harmful to the environment and
human health as well as lacking selectivity [13—-16]. Hence, eco-friendlier strategies such as
insect-repellent and low insect adhesion coatings are being developed [17-20].

In the latter case, it is important to understand how insects adhere to surfaces. Briefly,
insects climb surfaces by means of (1) interlocking with substrate asperities, (2) adhering to
surfaces using their sticky, compliant pads and (3) by secreting an adhesive fluid which com-
pensates surface roughness to increase the contact area and hence, adhesion through van der
Waals, capillary and viscous forces [21-24]. Depending on the type of insect, adhesive pads
present different morphologies and are either referred to as ‘smooth’ or ‘hairy’, as respectively
observed in e.g. ants and cockroaches, or beetles and flies (Figure 5.1).

Due to their sticky pads, insects tend to accumulate particles on their bodies and adhesive
pads. Insects remove these particles through self-cleaning to keep their adhesive properties and
locomotion intact [25-27]. The size of contaminating particles is of particular importance for
the effectiveness of self-cleaning of the pads of ants (smooth pads), Coccinellids and dock beetles
(hairy pads) [25, 28-30]. 1 pm particles and particles larger than 45 um can be easily removed
through self-cleaning, while insects need more steps to remove 10-20 um sized contaminants
[25, 28, 29]. For hairy pads, large particles cannot fit in between fibrillar setae, leading to rapid

particle removal [25, 29, 31].
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Claws
Claws

Adhesive pad

pad

Figure 5.1: Schematic morphologies (ventral views) of (A) smooth pad composed of claws and adhesive pad,
from which the adhesive fluid is secreted and (B) hairy pad showing the claws and fibrillar adhesives of distal
pad (furthest away from the body). The adhesive fluid is secreted through the hairs or setae [21].

The effect of surface roughness on the ability to climb surfaces has been widely investigated
in e.g. [32-36]. Insects can cope with roughness by using either their claws or their adhesive
pads in combination with adhesive fluid secretion: on ‘smooth’ substrates (asperity size ca. <
50 nm), insects mainly use their pads, while on ‘rough’ substrates (asperity size > 3 um), they
mostly use their claws and spines which cling to asperities [22, 32, 33, 35-38]. Their adhesive
fluid enhances attachment on rough substrates [23, 36, 39]. In intermediary ‘nano/micro-rough’
surfaces, insects’ attachment forces are considerably reduced as the substrate protrusions are
too small for the claw tip to interlock with, and too rough to develop sufficient contact area by
the adhesive pads [33, 36]. Additionally, some insects, e.g. some species of ants and beetles, do
not possess adhesive structures that would allow them to climb up smooth surfaces [40, 41].

Substrate roughness has been found to dominate insect attachment forces over surface chem-
istry [34, 42, 43]. Indeed, the effect of surface chemistry or surface hydrophobicity on fluid-
mediated insect attachment has been studied on both natural and synthetic surfaces, and only
weak or no effects were observed [42-44].

In nature, many plants are known to be slippery to insects, in particular some species of
the genus Nepenthes. These are pitcher plants which possess surfaces covered in micro-rough
lipid epicuticular wax crystals [45-49]. The rough epicuticular wax crystals detach from the
surface of the inner surface of the pitcher and adhere to the sticky pads of insects (generally
ants [50]). Their claws and fouled adhesive pads cannot generate large enough forces to exit this

deadly, nectar-lubricated trap (Figure 5.2A). Two additional mechanisms have been proposed
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Figure 5.2: (A) Ants climbing up a pitcher plant of the Nepenthes genus (courtesy of W. Federle). (B) Atta
cephalotes ants walking on leaves (courtesy of C. Jadoul).

by Gorb and Gorb [51]: (1) the wax-dissolution hypothesis: the insect adhesive fluid may
dissolve the epicuticular wax crystals, resulting in a slippery thick layer of fluid; and (2) the
fluid absorption hypothesis: the wax coverage may absorb the insect adhesive secretion. Such
surface properties, featuring particle detachment, surface roughness and surface lubrication are
of particular interest for bio-inspired insect-repellent coatings, as for instance observed in the
SLIPS technology [18]. It has even been suggested that spray coatings made of epicuticular

wax crystals could be used for this purpose [49].

The studies discussed above suggest that coatings with low adhesive properties for insects
could be prepared using ‘nano/micro-rough’ surfaces (asperity size 50 nm — 3 pm) [33, 36|, de-
tachable particles in the 10-20 pum size range [25, 28, 29], epicuticular wax crystals and highly
porous surfaces [38, 46, 49]. As an eco-friendlier alternative to insecticides and insecticidal
coatings, we have formulated model waterborne paints which provide a slippery physical bar-
rier through pigment transfer to Atta cephalotes L. ant workers (Hymenoptera, Formicidae,
Figure 5.2B) on vertical surfaces, as discussed in Chapter 3. Paints are made of four major

ingredients: (1) the solvent, most paints are now waterborne for improved health and environ-
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mental impact [52, 53]; (2) the pigment, which brings opacity to the coating, e.g. TiOy; (3) the
polymer binder, or latex, which wets the solid particles and forms a film via coalescence once
applied to a substrate [54, 55]; and (4), the additives, such as dispersing and biocide agents
[56]. Extender pigments are additional pigments to enhance the opacity and other properties

in combination with traditional pigments [57, 58].

The Pigment Volume Concentration (PVC) is a major formulation parameter and is com-
monly described in the paint industry as the volumetric amount of pigment present in a paint
[59]:

PUC — Volume of pigments

5.1
Volume of pigments + volume of binder (5.1)

The PVC of a paint gives information on how much polymer binder is needed to wet
the pigment particles. At the Critical Pigment Volume Concentration (CPVC), a concept
introduced by Asbeck and van Loo [59], the coating lacks binder to fully wet the pigment
particles. In latex coatings, voids are formed during coalescence for drying temperatures close
to the glass transition temperature (7, see e.g. [60]), while pore formation in paint coatings
occurs when PVC > CPVC as the polymer cannot fill all the gaps between the pigment particles
[59, 61]. Above the CPVC, the coating properties dramatically change, so that the CPVC value
can be determined using paints formulated with increasing PVC values via (1) mechanical
properties, e.g. tensile strength or hardness; (2) transport properties such as permeability
or corrosion resistance; or (3) optical properties like gloss, contrast ratio or colour difference
(62, 63]. The CPVC was found to depend on the type of binder, functionalities and size of the
polymer binder [62, 64].

Our previous results (Chapter 3) on model paints composed of acrylic binder, TiOy and
CaCOj3 showed that the slipperiness was mostly due to an increase in the PVC; when the paints
were formulated above their CPVC, some pigment and extender particles were sufficiently
loose to be detached by the adhesive pads of A. cephalotes. The surface roughness impacted
the slipperiness to a lesser extent. In this chapter, we investigate the effect of (1) the latex
particle size and (2) the extender pigment diameter on the slipperiness mechanism. The former
is expected to impact the CPVC, while the latter should influence the self-cleaning abilities

of insects. The latex particle size and the extender pigment were systematically varied to
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investigate the effect on wettability, porosity, surface roughness and scrub resistance, as well as

their slipperiness to insects (A. cephalotes ant workers).

5.2 Materials and methods

5.2.1 Materials
Methyl methacrylate (MMA), butyl acrylate (BA), acrylic acid (AA), sodium bicarbonate,
tert-Butyl hydroperoxide (--BHP), sodium persulfate (NaPS), sodium dodecylbenzenesulfonate
and AMP 95 were obtained from Sigma-Aldrich (Gillingham, UK). Sodium dodecyl sulphate
(SDS) was supplied by VWR and was used as both latex stabiliser and pigment dispersant
in the paints (Lutterworth, UK). Disponil FES surfactants (Figure 5.3) were kindly provided
by BASF (Ludwigshafen, Germany) and were used as additional stabilisers in the latexes.
Bruggolite FF6 was purchased from Brueggemann (Heilbronn, Germany). Texanol was added
as a coalescent in the paints and was obtained from Eastman (Kingsport, TN, USA). The
ground calcium carbonate extender pigments were kindly supplied by Omya (from different
sites across Europe), with densities of 2.7-2.85 g/cm?® and mean particle sizes of 1-45 um. All

chemicals were used as received.

Q.0
Na® -0 S\O%\/O)n\/\/\/\/\/\/

Figure 5.3: Structure of the surfactants used in this study, with n = 0, 2, 12, 30, where n = 0 is SDS and n >
0 is a surfactant from the Disponil FES range.

Model paint formulations were prepared, which didn’t contain typical additives found in
paints, such as anti-foaming agents, thickeners or biocides to limit the number of ingredients

and interactions thereof.

5.2.2 Latex synthesis and characterisation
We prepared acrylic latexes displaying varying particle size and constant glass transition tem-
perature (7}), by tuning the surfactant amount. Surfactants were chosen among the sodium
lauryl ether sulphate (SLES) series with varying ethylene oxide-chain length (n), with sodium
dodecyl sulphate (SDS) considered as n = 0 (Table 5.1). The Critical Micelle Concentration

(CMC) values of the surfactants were measured by tensiometry (K12 tensiometer, Kriiss. Ham-
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burg, Germany) and were close to the values available in literature and given by the supplier
[65] (Table 5.1). The amount of surfactant in the latexes was expressed with regards to its
CMC (factor z). Large particle sizes (> 350 nm) could be easily prepared by using longer
ethylene oxide chain surfactants.

45 wt% solids content poly(methyl methacrylate-co-butyl acrylate-co-acrylic acid) (52/45/3)
latexes were prepared by seeded semi-batch emulsion polymerisation following a conventional
procedure, see e.g. [53, 64, 66]. SDS, sodium bicarbonate and demineralised water were first
pre-heated at 70°C and stirred at 200 rpm. The seed was composed of 10 wt% of total monomers
and 20 wt% of total initiator (sodium persulfate (NaPS)) and was prepared by batch emulsion
polymerisation. The remaining monomers and initiator were then added over the course of
three hours at 75°C. After cooling to 70°C and 60°C, 0.05 wt% t-BHP and 0.05 wt% Bruggo-
lite FF'6 were respectively injected to react any remaining monomers and reduce the Volatile
Organic Components (VOC) [67].

The particle sizes of the latexes were determined by Dynamic Light Scattering (DLS, Zeta-
sizer Nano ZS, Malvern, Worcestershire, UK) and ranged between ca. 65 and 840 nm. After
drying the latexes for 24 hours at room temperature, their glass transition temperatures (7,)
were measured by DSC (Differential Scanning Calorimetry, Q2000, TA Instruments, Elstree,
UK). The T, values decreased slightly with increasing particle size (Pearson’s r = -0.75, P =
0.020); however, the variations in T}, being low (single sample ¢-test, tg = -0.10, P = 0.922), we
considered it to be a constant parameter (22.7 4+ 1.5°C). Statistical analyses are later described

in the section.

5.2.3 Waterborne paint model systems and characterisation

Paint preparation
Two different paint series were prepared following the procedure described below: (1) to inves-
tigate the effect of the latex particle size on the paint slipperiness, acrylic latexes of varying
particle sizes (64-838 nm) and approximately constant 7, (22.7 & 1.5°C) were used in combina-
tion with 1 um extender pigment; (2) to assess the effect of the pigment size on the slipperiness,
different CaCOj particle diameters (1-45 pm) were used with a 64 nm sized latex (latex 6, T,
= 23.9°C).
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Table 5.1: Latexes used in the present work, sorted by particle size, where x: concentration factor with regards
to the CMC of the respective surfactants. CMC and particle size values are expressed as mean + standard
deviation (SD). ®: literature value [65].

o | St | EOtn | oy | Gy | () | "
(n = 2) : (n = 10)
6 SDS 0 8.3¢ 7.9 4+ 0.3 5 64 =+ 2
11 SDS 0 8.3¢ 7.9 4 0.3 2 85 =+ 2
23 SDS 0 8.3¢ 7.9 4+ 0.3 0.5 122 +1
25 SDS 0 8.3¢ 7.9 4 0.3 0.1 259 =+ 2
1-F27 | FES 27 2 1.0 1.2 +£0.1 1 359 + 3
1-F77 | FES 77 30 0.17 0.24 =+ 0.02 1 462 + 28
2-F993 | FES 993 12 0.27 0.28 =+ 0.02 0.25 728 4+ 5
2-F27 | FES 27 2 1.0 1.2 +0.1 0.25 805 + 26
2-F77 | FES 77 30 0.17 0.24 + 0.02 0.25 838 £ 23

The paints were prepared as follows: 50-75 wt% extender pigment slurries were prepared
by dispersing the solids and SDS in water at about 2000 rpm with a Dispermat high speed
disperser blade (VMA-Getzmann, Reichshof, Germany). The optimum amount of surfactant
was determined by the minimum viscosity dispersant demand method [68, 69]. 60% and 70%
PVC paints were formulated by adding the corresponding amount of latex to the slurries. 5
wt% Texanol (expressed on the total amount of paint) was added to the paints to aid the latex
coalescence process and limit the formation of cracks. The pH of the paints was increased to
8-8.5 by adding a few drops of AMP 95. Alkaline pH values are typically used in the coating
industry, as it optimises the effect of Texanol and ensures that the anionic surfactants that

stabilise the latexes and pigments are fully ionised [70].

Paint characterisation
The paints were applied on metal panels (10.5 cm x 8.5 ¢cm) using a film applicator (TQC Sheen,
Rotterdam, The Netherlands) at a wet film thickness of 100 pum and dried for a minimum of
24 hours at 20 &+ 2°C and 50 £ 2%RH. The panels were 0.15 mm thick steel sheets from Ernst

Sauter AG (Reinach, Switzerland) and possessed a surface roughness of 0.9 ym + 0.2 pm.
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Figure 5.4: Porosity measurements performed on SEM images of 70% PVC paint surfaces containing 1 pm
CaCOg particles with varying latex particle size: (A) 85 nm and (C) 805 nm before applying a threshold. (B)
and (D) thresholded images from (A) and (C) in ImageJ according to [71, 72]. Scale bars: 1 pm.

Eight water contact angle measurements were performed on each paint panel with an optical
contact angle device, using 5 uLi droplets of Milli-Q water at 20.5 + 0.5°C and 38 + 2.0%RH
(OCA 50, DataPhysics, Filderstadt, Germany).

The surface roughness of paint coatings was measured using NanoFocus puScan Explorer
(Oberhausen, Germany). Six measurements of 1 mm x 1 mm area (500 nm XY-resolution,
15 nm Z-resolution, 1001 pixelsx1001 pixels) were performed on the panels. The roughness
profiles were analysed with psoft analysis to calculate the average surface roughness (R,).

Scanning electron microscopy (SEM) images of the PVC 70 paints were obtained with
JSM7001F from JEOL (Tokyo, Japan) by coating the samples with a 30-nm carbon layer using
Q150T ES, Quorum (Quorum Technologies, Laughton, UK). The images were recorded at an
acceleration voltage of 10.0 kV. The apparent surface porosity was manually measured from the
SEM micrographs with ImageJ (Version 1.51r, National Institutes of Health, Bethesda, MD,
USA) following the segmentation method [71, 72]. A threshold was applied before using the
“analyse particles” function, the calculated “%area” corresponding to the apparent porosity.

The level of threshold was manually tuned to fit the pores as accurately as possible and hence
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varied between the various paints (Figure 5.4). This quick procedure was preferred to the
specific surface area determination by the BET method [73] as the porosity at the surface is
more likely to be of importance with regards to insect pads.

To measure the water uptake of the PVC 70 paint films, the paint panels were soaked
in Milli-Q water for 7 days at 19.1°C 4+ 1.9°C and their weight was measured after carefully
removing excess water from the panels at room temperature. The weight difference between t
= 0 and t = 7 days gives the water uptake.

The scrub resistance of PVC 70 coatings was determined by abrasion weight loss tests
according to the ASTM D4213-96 standard method. The paints (wet thickness = 400 um)
were applied to PVC scrub panels and dried for 7 days at 40°C £+ 1°C. The coated panels were
then scrubbed to either 200 or 2000 cycles at a speed of 36 cycles/min with a nylon-silicon
carbide abrasive pad (40 mm x 94 mm, R, = 30.0 + 16.9 pm, Scotch-Brite, 3M, St. Paul,
MN, USA). A force of 2.4 N was applied onto the pads in a surfactant-based scrub medium

(2.5 g/L sodium dodecylbenzenesulfonate). The scrub resistance is measured as follows:

weight loss

Serub resistance (mg/cm?) = (5.2)

scrubbed area

The CPVC of the paints was estimated by using the absorption values of linseed oil provided
by suppliers [59]:

100

1+ pigment densityxoil absorption
linseed oil density

CPVC (%) = (5.3)

where the linseed oil density is 0.93 kg/L and the oil absorption value is the required amount
of linseed oil to saturate 100 grams of pigment or extender, which indicates how much binder
will be needed to wet the solid particles. The approximate CPVC values of the paint systems
were 63% and 66 + 3% for the paints with varying latex particle size and extender pigment

size, respectively.

Insect climbing experiments
The adhesive performance of both types of pad is very similar [22], and substrates known to
be slippery for one type are also slippery for the other [74, 75]. Therefore, leaf-cutting ant

workers (Atta cephalotes) were used as model insects in the climbing experiments as they are
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“motivated” climbers. The ants first had their pads cleaned by walking on cleaning tissue and
were then placed on a starting surface (1 cm? 201E masking tape from 3M) located at the
middle of the vertically oriented panel, to which a 100 pum paint layer was applied. Once 4 (out
of 6) legs left the starting platform, the time needed to reach any edge of the painted surface
was measured. The test was discarded if the insect slipped from the surface under three seconds
after placing it on the tape. The insect was considered unsuccessful if it slipped or could not
reach any edge of the panel within two minutes. Otherwise, the ant was considered to have
successfully climbed the paint. Adult ant workers were taken from a laboratory colony kept at
24°C, about 120 ants were tested per day. Ten ants were tested on each paint panel; each ant
was not used more than three times per day to avoid any adaptive or learning effects [76]. The
paint slipperiness was calculated as follows:
100 x number of unsuccessful ants

Paint slipperiness (%) = number of tested ants (5.4)

To observe ant legs under the SEM, the samples were prepared as follows: immediately
after climbing paint surfaces, legs were removed and frozen for 48 hours. Samples were then
coated with a 30-nm carbon layer. Control ant samples which had not climbed the paints
were observed under SEM to verify that the contaminants present on pads only came from the

coatings.

5.2.4 Statistics
When values with distributions are given in the text, they are expressed as mean + standard
deviation (SD). All data were tested for normal distribution. Pearson’s correlations and single
t-tests were carried out in Excel 2016 for normally distributed data. Mann-Whitney tests
(U-tests) were used for non-parametric data distributions using the online tool Social Science
Statistics (available at: https://www.socscistatistics.com). All the performed tests were

two-tailed; P-values below v = 0.05 were interpreted as significant differences.
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5.3 Results and discussion

5.3.1 Varying latex particle size
To study the effect of the paint composition on insect attachment, we systematically varied the
latex particle size in PVC 60 and PVC 70 paints by modifying either the surfactant amount
or the surfactant type in the binder formulation. The calcium carbonate used had a mean
diameter of about 1 ym (941 nm + 156 nm, n = 20, measured via SEM) and the paints had
an approximate CPVC value of 63% (Eq. 5.3).

Examples of coatings formulated with increasing latex particle size are displayed in Figure
5.5. One can see that increasing the binder particle size also increased the paint porosity in
PVC 70 paints (Pearson’s r = 0.83, P = 0.006) (Table 5.2), as also described in literature [62].

We showed in Chapter 3 that the slipperiness increased with the PVC, but here we did
not observe a significant increase, likely because only two PVC values were tested in this study
(Table 5.2, r = 0.32, P = 0.196). At higher PVCs, pigment particles easily detach from the
coatings to adhere to the sticky arolia of A. cephalotes (Figure 5.6), similarly to what has been
observed in the inner wall of pitcher plants [46, 77]. The effect of the PVC on the slipperiness

is shown in Figure 5.7.

Figure 5.5: SEM images of 70% PVC paint surfaces containing 1 um CaCQj3 particles with varying latex particle
size: (A, D) 85 nm, (B, E) 462 nm and (C, F) 805 nm. Scale bars: (A)-(C) 100 pm and (D)-(F) 10 pm.
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Table 5.2: Composition, surface roughness, wettability, slipperiness, porosity and scrub resistance values of
waterborne paints formulated with increasing latex particle size. The porosity, water uptake and scrub resistance
were only measured in PVC 70 paints. Values are expressed as mean + standard deviation (SD).

Lat.ex Water Porosity Water Scrub Slipperi-
Paint PVC partlcle R, (pm) contacot (%) uptake after res1stan(;e ness
(%) size (nm) (n=6) angle (°) 7 days (%) (mg/cm?) (%)
(n = 10) m=4) | @=0 | G2 | m=2 | =10
1 60 64 £ 2 30.0 £ 15.1 71+1 20 £+ 20
2 60 85 £ 2 04 +£0.1 98 +1 65 £ 5
3 60 122 £ 1 3.2=£03 103 £1 7 +E5
4 60 259 £ 2 0.7+ 0.1 105 £+ 3 9 £+ 5
5 60 359 + 3 17.0 £ 1.9 93 £ 6 100 £ 10
6 60 462 £ 28 3.1+0.6 89 £ 5 90 £ 10
7 60 728 £ 5 13.1 £ 0.8 89 £ 3 100 £+ 10
8 60 805 £ 26 | 31.1 £+ 10.6 89 £+ 2 100 £+ 10
9 60 838 £ 23 374 £ 2.3 90 £+ 2 100 £ 10
10 70 64 £ 2 3.6 £1.8 84 £ 2 5.8 £ 0.6 0.13 + 0.04 5.8 £ 0.6 7 +E5
11 70 85 £ 2 0.4 + 0.7 108 £1 6.2 £0.5 0.25 + 0.05 7.2 £ 0.7 90 £ 10
12 70 122 £ 1 20+14 106 £ 2 99 £ 3.3 0.23 £ 0.04 7.9 £ 0.8 90 + 5
13 70 259 £+ 2 0.4+ 0.6 103 £1 11.6 = 2.4 | 0.26 £ 0.02 6.6 = 0.7 975 £ 4
14 70 359 £ 3 73 +£04 93 £3 83 £ 15 0.69 + 0.09 8.2+£1.2 100 £ 10
15 70 462 £+ 28 1.6 £ 1.7 90 £ 3 13.7+ 1.1 | 0.64 £0.10 71+£1.1 100 £+ 10
16 70 728 £ 5 22+15 90 + 4 116 +£14 | 047 +£0.10 8.7£0.9 100 + 10
17 70 805 £ 26 22+18 89 £1 279+ 74 | 0.71 £ 0.10 13.9 £ 0.7 100 + 10
18 70 838 £23 | 14407 93+3 |21.6+33| 097+0.09 | 10005 | 100=+10

On the other hand, the slipperiness, the scrub resistance and the surface porosity were found

to increase with the latex particle size (r = 0.61, P = 0.007; »r = 0.76, P = 0.017 and r = 0.83,

P = 0.006, respectively, Figure 5.7 and Table 5.3). The slipperiness reached 100% for latex

particles larger than 350 nm, showing that coatings with large binder particles are very effective

in preventing ant attachment (Figure 5.7). It has been demonstrated that increasing the latex

particle size decreases the Critical Pigment Volume Concentration (CPVC) [62, 64, 66, 78],

and hence, increases the surface porosity [62]. Figure 5.5 and Figure 5.7 show indeed that the

porosity varied with latex particle size in this paint series. While measuring the experimental

CPVC of our paints was beyond the scope of the study, this increased porosity suggests that

the CPVC also increased with particle size. Hence, for paints formulated at PVC 60 and 70 in
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the presence of ‘large’ latexes (> 250 nm), the CaCOj particles are likely not tightly bound so
that they transfer easily to the ants’ tarsi. This supposition is supported by the higher weight
loss values in scrubs tests for larger latexes in PVC 70 paints (r = 0.76, P = 0.017) (Table 5.2).

It has been hypothesised that the wax in the inner wall of some Nepenthes pitcher plants
may absorb the insect adhesive secretion (fluid absorption hypothesis) [45]. In addition to the
particle detachment mechanism, one can speculate that porous paints (> 10% porosity) also
have the potential to absorb the adhesive fluid. We used a simple indicative test to assess
this hypothesis by measuring the water uptake of the PVC 70 paint films. Given the complex
nature of the adhesive fluid (whose composition and rheological behaviour are dependent on
the insect), water was used as a model fluid for the sake of simplicity, the water uptake being

a common test in the coating industry [24, 79-81].

Figure 5.6: SEM images of contaminated Atta cephalotes tarsus after climbing paint 12 (122 nm latex). (B)
shows bound CaCOj3 particles inside the (deflated) arolium and (C) on the manubrium. Scale bars: (A) 10 ym
and (B), (C) 1 pm.
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Table 5.3: Covariations between variables 1 and 2, correlation coefficient  and P-values obtained by Pearson’s
correlation tests for the following parameters: the paint PVC, surface roughness (R, ), wettability, slipperiness,
surface porosity, water uptake and scrub resistance. Only P-values indicating significant correlations (below
a = 0.05) have been indicated for more clarity. %: the scrub resistance, water uptake and porosity were only
measured for PVC 70 paints.

Variable 1 Variable 2 Correlation coefficient r  P-value
Latex particle size Slipperiness 0.61 0.007
Total surfactant amount Slipperiness -0.89 < 0.001
Total surfactant amount Water contact angle -0.49 0.037
Total surfactant amount  Latex particle size -0.60 0.009
Latex particle size Surface porosity® 0.83¢ 0.006*
Surface porosity® Scrub resistance® 0.89¢ 0.001®
Surface porosity® Water uptake® 0.72¢ 0.029¢
Latex particle size Scrub resistance® 0.76% 0.017¢
Latex particle size Water uptake® 0.84¢ 0.005¢
Water uptake® Slipperiness -0.60¢ 0.025%
PVvC R, -0.55 0.019
R, Water contact angle -0.53 0.022

The adhesive secretion was found to be a water-in-oil emulsion for e.g. weaver ants and stick
insects, allowing them to adhere to a wide variety of hydrophilic and hydrophobic substrates
[24, 82]. The paint coatings were soaked in distilled water for 7 days at 19.1°C £ 1.9°C and
their weight was regularly measured after carefully removing excess water from the panels. The
paints absorbed a relatively small amount of water (0.48% =+ 0.27% on average) and the uptake
increased with the porosity (r = 0.72, P = 0.029) (Table 5.2).

Additionally, the paints formulated with larger latexes had less surfactant, hence impacting
the surface wettability (r = -0.49, P = 0.037) (Table 5.2) as the excess surfactant migrates to
the paint/air interface to decrease the surface tension. The slipperiness was found to decrease
as larger amounts of surfactant were present in the paints (r = -0.89, P < 0.001), indicating
that the adhesive fluid might have spread on the paints.

These results suggest that ‘large’ (> 250 nm) latex paints are very slippery to insects as
their adhesive fluid (1) spreads and (2) gets trapped in the pores more easily (larger and more
numerous pores with increasing size). This would lead to a reduction of pad/paint contact
as the secretion (1) has been shown to compensate surface roughness by filling in substrate
asperities [22-24, 39], (2) has been suggested to ensure rapid pad detachment from surfaces

[39, 83] and (3) provides capillary adhesion [49]. Similarly, beetles (hairy pads) have been
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Figure 5.7: Surface slipperiness 60% PVC (black squares), 70% PVC (red circles) and surface porosity (blue
triangles) with increasing latex particle size in paints containing 1 pm CaCOg particles. 100% slipperiness is

reached from approximately 700 nm and 350 nm onwards for PVC 60 and 70 paints, respectively. Standard
errors for latex particle size are not shown for more clarity and are below 6%.

found to generate lower attachment forces on surfaces with increasing porosity [38]. Gorb
et al. suggested that the pores could absorb both hydrophilic and hydrophobic liquids [38].
Interestingly, the porosity of clay/latex paper coatings was the lowest at pH 8 in [84], which is
also the optimum working pH for Texanol [70], suggesting that porous paints made at slightly

lower pH values could become even more slippery.

The slipperiness was neither directly affected by the surface wettability (r = 0.41, P =
0.088), but rather by the surfactant concentration, nor the surface roughness (r = -0.20, P =
0.418). The roughness decreased as the PVC increased (r = -0.55, P = 0.019) as at PVC 60, the
paints were close to their CPVC and hence tended to be rougher [61]. While it is commonly
accepted that the higher the PVC, the rougher the surface, some coatings exhibited large
discrepancies in surface roughness R, [62, 64, 85]. Macro-roughness defects in paint coatings
are likely due to (1) rheological issues, e.g. low flow and levelling, although our paints flowed
well enough to be applied to metal panels [62] and (2) due to the formation of pigment/extender

aggregates at the surface, despite the dispersant amount was added following the dispersant
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demand procedure [68, 69]. This suggests that the slipperiness of surfaces is not only based on
roughness average R,, but also on the lateral dimensions of surface roughness (e.g. asperity
spacing and slope) and that optical profilometry could not entirely capture the lateral length
scale of the surface roughness (500 nm XY-resolution).

Nano- to micro-rough substrates (asperity size < 3 pm) were shown to minimise insects’
attachment forces to surfaces as both claws (and spines) and pads are inefficient at interlock-
ing and developing sufficient contact area with the substrate, respectively [33, 35, 36]. Zhou
observed that micro-rough paints were slippery to various insects [75]. This suggests that some
other mechanism is at play such as particle detachment or insect adhesive fluid absorption by

the pores. Both mechanisms will become more likely as the porosity of the paints increases.

5.3.2 Varying extender pigment size
To study the effect of the extender on insect attachment, we systematically varied the calcium
carbonate extender size in PVC 60 and PVC 70 paints formulated with a 64 nm acrylic latex
(latex 6, Table 5.1). Using the oil absorption values provided by the supplier, the 14 paints
of this study had a mean CPVC of 66% + 3% according to Eq. 5.3 (Table 5.4). The PVC
70 coatings showed little porosity (4.3% =+ 2.8% on average, Table 5.5). This indicates that
most of the paints at 70% PVC were formulated close to their CPVC [59, 61]. Examples of
coatings formulated with increasing extender diameter are displayed in Figure 5.8. Importantly,
we did not observe any insect dying after climbing up our paint coatings, as sharp particles
have been reported to abrade their cuticle by abrasion [86]. However, several leg samples
exposed haemolymph (blood) or damaged arolia under SEM, which probably further impeded
the locomotory behaviour of the ants (Figure 5.9).

In this series, the slipperiness was found to be significantly impacted by (1) the extender
particle dsoy, diameter (r = -0.75, P = 0.002, Table 5.6), (2) the surface porosity (r = 0.95, P =
0.001) and, more surprisingly with regards to our previous studies, by (3) the surface roughness
(r =-0.58, P = 0.029) (see Table 5.4). The surface wettability did not impact the slipperiness
(r =0.35, P = 0.223).

In the case of the extender diameter, one can see from Figure 5.10 that the slipperiness
increased with the extender size for particles possessing a diameter between 1-10 pym and from

then onwards, dramatically decreased to approximately 0%. When considering the dggy, size
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Figure 5.8: SEM images of 70% PVC paint surfaces containing 64 nm latex and varying extender pigment
diameter: (A, D) 5 um, (B, E) 23 gm and (C, F) 40 pum. Scale bars: (A)-(C) 100 gm and (D)-(F) 10 pm.
values rather than the dsoy diameters (98% of particles smaller than the threshold), the slip-
periness dramatically decreased from 60 pm onwards (Figure 5.10). We tentatively explain this
behaviour by arguing that before reaching the threshold value of 10 yum (dsq% ), the slipperiness
increase is due to larger contaminating particles impeding more efficiently insect locomotion.
This is quite an unexpected result as between 0-10 um, the CPVC increases as the particles
get larger (smaller oil absorption values, Eq. 5.3), meaning larger particles should not detach
easily at a given PVC.

From 10 pgm onwards, our results suggest that most of the particles are too large to adhere
to insect arolia, although all the particles we tested are smaller than the basal claw spacing (69
+ 11 pm, n = 25) [30]. This is likely due to ants using their claws to interlock with surface
asperities and to increasing pad contact area on larger particles [21, 36]. When considering
the dggy, size values, only the smaller particles could adhere to insects’ pads, the slipperiness
dramatically decreased from 60 pm onwards, which is closer to the basal claw distance.

Our data are in good agreement with the literature with regards to the d5yy pigment diam-
eters: both smooth and hairy pads can remove 1 ym and larger than 45 pym contaminants via
self-cleaning (‘low’ slipperiness), while 10-20 pum particles were not removed as easily by hairy

pads (‘high’ slipperiness) [25, 28, 29].

144



Slippery paints: how tuning polymer and pigment size can prevent ants from walking on walls

Table 5.4: Composition, surface roughness, wettability and slipperiness values of waterborne paints formulated
with increasing extender size. Values are expressed as mean + standard deviation (SD). *: values provided by
supplier.

| eve (i Tow | e | ox | R, G contact s
(%) (%) (Eq. (em)* | (um)e (mL/100g)* |  (n = 6) angle (°) (n = 10)
5.2) (n = 4)

1 60 63 1 5 20.5 300+£151 | 71+1 20 =+ 20
19 60 64 2 12 19 13.0+ 6.8 | 52+ 16 40 + 10
20 60 68 5 25 16 1.6+£01 | 62+10 50 + 10
21 60 71 10 50 14 2.3+ 1.3 67+ 5 75+ 5
22 60 65 23 60 18 4.9+ 0.2 84 + 3 0+ 10
23 60 69 40 125 15 194+98 | 3449 10 + 10
24 60 66 45 200 17.6 11.1+1.4 | 42415 0+ 10
10 70 63 1 5 20.5 3.6+ 1.8 84 + 2 75+ 5
25 70 64 2 12 19 9.9 + 0.7 97+ 5 73 + 13
26 70 68 5 25 16 1.8+14 | 67+13 100 £ 5
27 70 71 10 50 14 21406 | 81 +14 90 + 5
28 70 65 23 60 18 6.2+ 0.4 82+ 5 20 + 10
29 70 69 40 125 15 195+17 | 6846 0+ 10
30 70 66 45 200 17.6 122+ 1.5 7249 0=+ 10

Figure 5.9: SEM images of damaged A. cephalotes tarsi after climbing slippery paints. (A) shows that
haemolymph (blood) formed on top of the arolium. (B) The contaminated arolium is damaged and a “cut” is
highlighted in the circle. Scale bars: 10 pm.
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Table 5.5: Composition, surface roughness, wettability and slipperiness values of waterborne paints formulated
with increasing extender size. Values are expressed as mean =+ standard deviation (SD).

a

: values provided by supplier.

R, before | R, after . Water Scrub Slipperiness | Slipperiness
dso% Porosity
Paint S?ZG" scrubs scrubs (%) uptake after | resistance before after scrubs
(jim)? (um) (um) (n = 6) 7 days (%) | (mg/cm?®) | scrubs (%) (%)
(n = 6) (n = 6) (n=2) (n=2) (n = 10) (n = 10)
10 1 36+1.8 | 136+24 | 58+06 | 0.13+0.04 | 58 +£0.6 5 E5 100 + 10
25 2 99 +£ 0.7 7.4 + 6.1 74+ 24 0.21 + 0.01 1.7+ 0.1 73 + 13 100 £ 10
26 5 1.8+ 14 22+04 7.8 + 1.7 0.11 + 0.09 22+04 100 £ 5 100 £ 10
27 10 21+£0.6 5.4+ 1.5 52+ 1.0 0.15 + 0.04 1.7+ 0.2 90 £ 5 100 £ 10
28 23 6.2+04 | 190+39 | 20+ 04 0.44 + 0.17 16402: 20 £+ 10 305
29 40 195+ 1.7 | 48+ 1.6 1.14+04 1.32 £ 0.76 1.0 £ 0.2 0+ 10 90 £ 5
30 45 122 £ 1.5 113‘?9'71i 0.5+02 | 0524021 | 1.9+0.2 0+10 80 + 10
Extender size - d98% (um)
0 20 40 60 80 100 120 140 160 180 200
100 L L L L L L L L L
90 -
— 80 A
: 't
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()]
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Figure 5.10: Surface slipperiness as a function of the extender pigment diameter dsgg (black squares) and dggy,
(red circles) for PVC 60 paints. From 10 pm onwards, the slipperiness decreased dramatically as the particles
become too large to adhere to insect pads.
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As observed in the study with varying latex size, the slipperiness was found to increase
with the surface porosity (r = 0.95, P = 0.001) (Table 5.4). The variations in both porosity
and slipperiness with the extender size were indeed similar (P = 0.002 for both, 5.6), as the
porosity increased for sizes between 1 and 5 ym and decreased from 10 pym onwards. Again,
the presence of pores may have increased the slipperiness as the insects’ adhesive secretion is
absorbed by the voids. The paints absorbed a relatively small amount of water (0.41% =+ 0.40%
on average); however, the uptake was negatively correlated to the slipperiness (r = -0.80, P
= 0.032), suggesting that the pores might not absorb enough fluid to provide slipperiness and
that liquid absorption was not the cause for slipperiness in these paints.

The other parameter to significantly impact the paint slipperiness was the surface roughness
(r = -0.58, P = 0.029, Table 5.6). Apart from the paints formulated with 1 gm and 19 pm
CaCOg particles, Mann-Whitney tests showed that roughness did not significantly change with
the PVC for a given extender particle size (Mann-Whitney, Usg > 5, P> 0.05) and was not
impacted by the dsoy extender sizes (r = 0.27, P = 0.353). The slipperiness was found to
decrease for increasing roughness values (Figure 5.11), with highest slipperiness values obtained
for roughness values, R,, smaller than 5 ym for both PVCs. Although non-significant for o =
0.05, R, and the extender diameter exhibited a strong linear correlation for the PVC 70 paints
(r =0.75, P = 0.054).

Table 5.6: Covariations between variables 1 and 2, correlation coefficient r and P-values obtained by Pearson’s
correlation tests for the following parameters: the paint PVC, surface roughness (R, ), wettability, slipperiness,

surface porosity, water uptake. Only P-values indicating significant correlations (below o = 0.05) have been
indicated for more clarity. *: the porosity and water uptake were only measured for PVC 70 paints.

Variable 1 Variable 2 Correlation coefficient »  P-value
PVC Water contact angle 0.59 0.025
Extender size Slipperiness -0.75 0.002
Extender size Water uptake® 0.78% 0.039¢
Extender size Surface porosity® -0.94¢ 0.002¢
R, Slipperiness -0.58 0.029

R, Water uptake® 0.91¢ 0.005%
Surface porosity® Slipperiness 0.95¢ 0.001¢
Water uptake® Slipperiness -0.80¢ 0.032¢
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Figure 5.11: Surface slipperiness as a function of the surface roughness. For both PVC values (60% (black
squares) and 70% (red circles)), the paint slipperiness was found to decrease with the roughness. The dashed
line shows the Atta cephalotes claw tip diameter, 5.0 + 1.7 um (n = 31). Error bars were not included for more
clarity.

We can hence approximate that the extender and asperity sizes were similar. Such a cor-
relation was not observed in 60% PVC paints as paints containing 1 ym and 2 pum exhibited
large R, values (> 10 um). The slipperiness data follow the literature well as (1) ‘microrough’
surfaces (asperity size < 3 pm) minimise the attachment of insects [33, 36], and (2) claws can
cling to protrusions larger than the claw tip diameter, which we measured as 5.0 = 1.7 um (n =
31) for A. cephalotes [36, 37]. Since we did not find similar results in our previous studies from
Chapter 3 or when varying the latex particle size in section 1, this suggests that slipperiness
is not only due to particle detachment when using extenders of different diameters. In fact, we
surprisingly found via SEM that some CaCOj3 particles adhered to ant pads after they walked
on low slipperiness paints (> 23 pm particles, data not shown).

One can see from Table 5.5 that for the PVC 70 paints, the scrub resistance did not affect
the slipperiness (r = 0.33, P = 0.411). Except for paint 10 (1 um particles), all scrub resistance

values were similar and relatively low (1.6 + 0.4 mg/cm?), suggesting that the particles were
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well bound to the paint coatings, which supports the impact of the surface roughness on the
slipperiness of the unscrubbed paints. After being scrubbed to 2000 cycles, all 70% PVC paints
showed an increase in slipperiness, in particular for the paints formulated with 40 and 45 pm
CaCOj particles (Table 5.5). This indicates that once the layer of well bound particles was
rubbed off, the particles present in the remaining film were looser and could transfer to insect
pads. A dramatic increase in the surface roughness was observed for most of the paints, which
did not impact the slipperiness for the scrubbed paints (r = -0.20, P = 0.188). The slipperiness
of the scrubbed paint with 23 um particles was only 30% as SEM revealed that they were still

well bound by the polymer.

5.4 Conclusions
By formulating paints with acrylic binders and CaCO3 pigments of varying size, we have shown
that paints can prevent Atta cephalotes ants from climbing up vertical paint panels:

1. For paints containing latexes of varying size prepared by tailoring the amount of surfac-
tant, the slipperiness increased with the latex particle size, which also increased the surface
porosity. This is consistent with both detaching particles and adhesive fluid-absorbing
pores impeding insect locomotion, hence rendering the surfaces slippery. In the presence
of 1 pm CaCOj particles, the use of ‘large’ latexes (> 250 nm) was necessary to obtain
extremely slippery coatings. However, a balance between porosity, water permeability,

opacity and scrub resistance is needed for optimal paint performance.

2. Paints formulated with different diameters of CaCO3 particles presented an increase of
slipperiness with extenders sized between 1-10 um (dso% values), and then a decrease
from 10 pm onwards. Here, the slipperiness was found to be mainly due to a combination
between particle detachment and surface roughness. For paints formulated with larger
extenders, the slipperiness is mainly attributed to surface roughness, as the scrub resis-
tance experiments supported that the particles were well bound to the coatings. SEM
also showed that ants climbing low slipperiness paints exhibited some extender pigment

on their arolia.

Such paints open the field for novel, low insect-adhesion coatings. By increasing the latex

particle size, and hence decreasing the CPVC, we showed that it is possible to obtain very
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slippery coatings. This is of particular interest for outdoor applications, where it is common
practice in the coating industry to use PVC values ranging between 40% and 50%. For large
enough latexes, PVC 60 paints can be used to obtain slippery enough coatings. Although
weathering-resistant, large PVC paints exposing many calcium carbonate particles at their
surface could be problematic as the extender could potentially react with the acid rains, found
in the geographic areas of interest for our insect-slippery paints (e.g. Southeast Asia) [58, 87],
or be inefficient due to humidity as observed in slippery PTFE-coatings [88]. The coatings
were however surprisingly resistant to water absorbance. Further research could include on one
hand the use of more additives to get closer to “real” paint systems, using e.g. thickeners,
which would be expected to reduce pigment aggregation and hence, the surface roughness of

the coatings; or fungicide and/or algicide to prevent organic growth on the film [3].
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thrips

Many species of thrips (order: Thysanoptera) damage crops by feeding on them but mainly through the transmis-
siton of viral diseases. Inspired from the sticky trichomes which provide certain plants a defence against insects,
we have formulated emulsified sticky crosslinked linseed oil beads, which can be sprayed on plants. Performances
of the adhesive beads were visually assessed by spraying the emulsions on glass slides and covering them with
sand, as sand particles possess a similar size range as thrips’ attachment pads. The beads provide protection
against Frankliniella occidentalis thrips as they remain trapped at the surface of the plant and reduced damage to
Chrysanthemum baltica in leaf disc dual choice bioassays. Additionally, the choice of emulsifier was found to be
of major importance to reduce leaf damage. Crosslinking is necessary to obtain beads rather than coalesced film
on plants, which was improved as follows: (i) by using zinc naphthenate, a metal catalyst, (ii) by increasing the

amount of atmospheric oxygen in contact at room temperature with linseed oil and (iii) with larger oil droplets.
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Chapter 6

6.1 Introduction

Many species of thrips (order Thysanoptera) are invasive pests detrimental to agriculture. They
are small insects (less than a few millimetres) and about 40% of the known species feed on plants
or grasses [1]. They lay their eggs either outside of host material or inside plant tissues and are
hence difficult to detect and eliminate with insecticides [1]. Damage to plants by thrips do not
only cause loss of aesthetic value, but may also be the result of disease transfer (e.g. leaf gall,
fungi), which affects crop yields [1-4]. Introduction of thrips in new areas is generally accidental,
for instance, 55 suborders of Thysanoptera, of which 35% were economically significant, were
introduced to the Netherlands between 1980-1993 after trading with foreign countries [3]. A
study from 1993 showed that 20% of flower cuts and 12% of plants imported into Switzerland
were infested by western flower thrips Frankliniella occidentalis [5]. In addition to negatively
impacting trade, thrips cause severe crop loss [1, 3, 4].

Tackling thrips through biological control has proved difficult as first, upon their introduc-
tion in a new area, they lack natural enemies (e.g. mites and predatory thrips) [1, 6]. Second,
parasitoids that attack thrips eggs and larvae only induce low levels of mortality and hence
show little potential to control thrips population [1, 7].

Therefore, control methods mainly rely on chemical strategies, in particular insecticides,
whose harmful effect on health and environment as well as their side-economic costs has been
widely described in the literature (see e.g. [8-10]). The serious worldwide decline of insects may
also be partly based on the widespread use of insecticides [11]. Eco-friendlier alternatives to
conventional pesticides are therefore needed. For example, safer pesticides based on jasmonic
acid and its derivatives have been successfully developed [12]. Jasmonic acid is a phytohormone
synthesised by plants upon attack by herbivores or pests and affect their survival and repro-
duction rate [13-15]. The efficacy of jasmonic acid has been linked to an increase in parasitism
of herbivores [16] and trichome density [17].

Trichomes are hairy leaf structures developed from epidermal cells that can be classified as
non-glandular or glandular (Figure 6.1) [18]. Trichomes defend plants against herbivores by
impeding their locomotion and/or by direct toxicity through chemicals they produce and/or
release, which range from toxic ones released after an insect herbivore touches the trichome to

deterrent volatile terpenes [18]. In addition, glandular trichomes can produce sticky threads
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that can immobilise small insects, as seen in e.g. sundews (Drosera) [19].

Inspired by the role of trichomes in the plant’s defence system, we studied the feasibility to
mimic trichomes in crop protection. To this end, we produced sprayable emulsions of ‘sticky’
crosslinked oil droplets which may immobilise F. occidentalis thrips through adhesion (Figure
6.2). For the sake of durability, these droplets should not dissolve in rainwater to limit the
number of spray applications. The emulsion stabiliser employed will enter the soil upon water
rinsing and therefore should be both biodegradable and non-toxic. Such technology should avoid
contributing to the development of chemical resistance by insect pests. We favoured this option
to (1) spraying emulsified, non-crosslinked oil directly on the plant as this only affects insects
present during the application and fatty acids may cause plant phytotoxicity [20, 21] and to (2)
crop coatings due to the ease of application of sprays and, if glossy, coatings could potentially
inhibit the plant’s photosynthesis [22]. To prevent killing essential insects such as pollinators or
seed dispersers, or causing imbalances between primary and secondary pests [23], the technology
should be selective to certain insects by tuning the droplet size, as observed for insect-plant

selectivity occurring through trichome density, shape, size and physiology [18, 24, 25].

Figure 6.1: Glandular trichomes of (A) Drosera capensis and (B) Cannabis sativa. (A) ‘The leaf of a Drosera
capensis "bending” in response to the trapping of an insect’ by N. Elhardt is licensed under CC-BY-SA 3.0.
(B) Adapted with kind permission from [26].
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Figure 6.2: Schematic concept to protect plants using oil-in-water emulsions made of linseed oil and biodegrad-
able emulsifier. (A) shows “perfect” crosslinked beads formed on the leaf, while (B) underlines what we mainly

obtained in this project, i.e. heterogeneous ensembles of beads and coalesced oil forming a film. The leaf
picture, ‘Leaf of Tilia tomentosa (Silver lime tree)’ by K. P. Jasiutowicz is licensed under CC-BY-SA 3.0.

Owing to its crosslinking properties, linseed (flaxseed) oil (LO), a well-known compound in
the coating industry [27], was used as a model oil. Its market revenue in the food industry was
estimated to be $165 million in 2016 [28]. LO hardens (or dries) as a result of the autoxidation
of linoleic (14 to 19%) and linolenic (48 to 60%) acids (Figure 6.3): oxygen reacts with the
double-bonds of the triglycerides, forming unstable peroxides, which give rise to crosslinking by
formation and reaction of radicals [29, 30]. LO hardens faster than other conventional vegetable
oils due to its high content of linolenic acid, each triglyceride having about 7 double-bonds,
allowing for crosslinking [29, 31]. The process is accelerated upon exposure to temperature or
UV [29]. While crosslinked fractions are highly water-insoluble [29], the dispersed oil should
remain fluid and elastic enough to form spherical droplets [32]. The remaining unreacted LO
droplets with low molecular weight should provide tackiness through capillary adhesion, as they
have low viscosity, with insect legs landing on the sticky spheres so that they remain trapped
[29].

Although we cannot exclude that the LO sticky droplets could impede plant photosynthesis
after several insects would adhere to the plant, plants sprayed with petroleum and soybean oil

emulsions presented the same photosynthesis rates as the water-sprayed ones a few days after
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treatment [33, 34]. If the oil was to enter the soil, oxidised LO films were found to be ca. 90%
biodegradable after 70 days in soil at 30°C [31].

In the present work, we studied the following parameters to produce sprayable, eco-friendly
pest controlling crosslinked LO-based emulsions to protect plants against F. occidentalis thrips:
(1) the emulsifier type, (2) reaction conditions to improve crosslinking, and (3) the optimisation
of LO droplet size. Western flower thrips (F. occidentalis) was chosen as a model insect owing

to its major pest status [1, 4] and small size (less than 1.5 mm length) [35].

6.2 Materials and methods

6.2.1 Materials
Linseed oil (LO), sodium dodecyl sulphate (SDS) and sodium docusate (DOSS) were obtained
from Sigma-Aldrich (Gillingham, UK). Emulsogen LCN 158 and LCN 287 were kindly supplied
by Clariant (Frankfurt, Germany). AG 6206 was donated by AkzoNobel (Stenungsund, Swe-
den). The polydimethylsiloxane (PDMS) was Sylgard 184 (Dow Corning, Seneffe, Belgium).
Alfa Aesar (Heysham, UK) provided zinc naphthenate (10 wt% zinc in 67% mineral spirits).
Tetrahydrofuran (THF) was from VWR (Lutterworth, UK). All chemicals were used without
any further purification. The emulsions were sprayed with spray bottles coming from a local
store (Windsor, UK). The main component of the dispersing phase was either ultrapure water

(Milli-Q) or tap water (Slough, UK) with a conductivity of 598 uS.m~! and pH 6.95.

O
WW\/
HO
@

HO

Figure 6.3: Structures of linoleic and linolenic acids.
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6.2.2 Emulsion preparation

The LO-in-water emulsions were prepared as follows: 2 g LO, 6 g of emulsifier stock (appropriate
amount of emulsifier dissolved in 6 g of Milli-Q) water) and 14 g water were added to 30 mL glass
vials. When present, zinc naphthenate was added to LO before the addition of the aqueous
phase. The amount of LO was kept low (¢ =~ 0.099) to ensure the emulsions would be sprayable.
2% oil-in-water petroleum-based emulsions were found to provide sufficient coverage on plants
[21].

Several emulsion preparation methods were employed: (1) Shear using a T18 basic Ultra-
Turrax from IKA (Staufen, Germany). The emulsions were sheared for 5 minutes at 11,000 rpm,
to ensure all LO was dispersed. After shearing, the vials were either placed on a tube rotator
(Glas-Col, Terre Haute, IN, USA) or on magnetic stirrers (Stuart SB 162, Cole-Parmer, Stone,
UK) at constant speed (450 rpm) and different temperatures (room temperature: 21.3°C +
1.0°C, 50°C or 70°C). (2) To prepare larger LO droplets, magnetic stirring, at different speeds
(150 or 450 rpm) and room temperature (21.3°C £+ 1.0°C; RH = 40% + 1%) was directly
used to emulsify the systems. (3) Alternatively, emulsions were prepared by vibrations using
a circular multi-slot shaker at 450 rpm (Multi-reax shaker, Heidolph Instruments, Schwabach,
Germany). Up to twelve samples can be placed simultaneously on the device, which ensures
more reproducibility than magnetic stirring due to homogeneous shear across samples. In (2)
and (3), the vials were either closed or left open to promote oxidation of LO’s double-bonds
by reacting with atmospheric oxygen [29, 30]. In the latter case, water evaporated in some

instances, whose amount was monitored every 24 hours.

6.2.3 Blown linseed oil

We studied the potential of blown linseed oil (BLO) to accelerate the rate of crosslinking of L.O
once incorporated in emulsions. Unsaturated ketones responsible for yellowing of the oil are
formed during the process [27]. To prepare BLO, 100 g of LO was introduced in a 1L three-
necked flask fitted with a mechanical stirrer, a cooling condenser and an inlet for compressed
air. The air was blown through the oil, which was heated to 100°C and stirred at 120 rpm.
After 72h heating, the stirring speed was increased to 150 rpm as the viscosity had increased.

Oil samples were taken after 11, 43, 63 and 77 hours of preparation. The ultimate viscosity of
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the oil was very high, but not measured due to the low volume of LO employed.

6.2.4 Leaf disc dual choice bioassay
Thysanoptera insects rely on vision and olfaction to orient towards host plants [36]. Franklin-
iella occidentalis (Pergande; Thysanoptera: Thripidae) thrips are attracted by some species
of Chrysanthemum and are invasive pests to Chrysanthemum baltica (Asterales: Asteraceae)
[36]. The latter were hence chosen as model plants in the test described below. F. occidentalis
females were chosen as they induce more damage to leaves than males [37].

Dual choice assays were used to test the thrips (F. occidentalis) preference for pairs of leaf
discs treated with either emulsions, emulsifier or water standards as described by Leiss et al.
[38]. In short, discs of 10 mm in diameter were punched from C. baltica and were sprayed with
emulsions, emulsifier or water (both standards) and were left to dry for 24 hours (Figure 6.4).

The leaves were rinsed with tap water to remove the emulsifier from their surfaces. It is
assumed that the LO droplets were sufficiently crosslinked not to get removed from the leaves.
After another 24 hours drying, two discs with different treatments were placed on a thin layer of
1% water agar in a 9-cm diameter Petri dish. A piece of filter paper (5 X 5 mm) was positioned
between the discs. Ten female thrips (F. occidentalis), which had been starved for one night,
were placed on the filter paper. Damage to the leaves was estimated by counting the silver

damage.

Figure 6.4: Schematic leaf disc
dual choice bioassay performed on
punched C. baltica leaves (10 mm
diameter) and F. occidentalis thrips
(not drawn to scale). In short,
after being starved for one night,
the insect selects which leaf to feed
on. The leaves are either subject
to the same treatment (water stan-
dard) or compare emulsion vs. wa-
ter or emulsion vs. emulsifier stock
spray treatment.

b Filter paper 4

tarved thrips

1% agar in water
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6.2.5 Coarse adhesion testing
In order to assess if the sprayed emulsions were sufficiently sticky to immobilise thrips, emulsions
were sprayed on glass slides and were left to dry for 24 hours. Glass was selected for the sake of
convenience to mimic smooth leaves, although plant surfaces display a wide range of textures
and microstructures [39]. Halves of the slides were rinsed with tap water to remove the emulsifier
from their surfaces. After another 24 hours drying, some sand was coarsely applied to the slides.
The sand originated from a construction site in Wageningen, The Netherlands.

Species of the Frankliniella genus have tarsi terminated with a single bladder-shaped adhe-
sive structure, the arolium, of approximately 27 yum in diameter (measured from SEM micro-
graphs in [40]). The sand particles were found to be 27 + 19 pm (n = 27) in width, measured
with an Olympus BX60 microscope (Tokyo, Japan). Therefore, if treated glass was found to

retain the sand, we hypothesised the emulsions could be sufficiently sticky for thrips.

6.2.6 Rough locomotion test with Atta cephalotes ants

Emulsions were sprayed on glass slides and treated similarly to leaves as described in the previ-
ous section. ‘Small” and ‘large’ Atta cephalotes L. ant workers (Hymenoptera, Formicidae) ant
workers (ca. 2 mm and 6 mm in length, respectively) were placed on horizontally and vertically-
oriented treated glass substrates. We visually assessed if their locomotion was impeded after
walking/climbing on treated glass.

A. cephalotes possess inflatable adhesive structures on their pads (arolium). Similarly, the
width of Oecophylla smaragdina (Fab., Hymenoptera, Formicidae) ants’ arolia varies between
160 and 280 pm [41]. Using ants resulted in testing the size selectivity of the emulsions as their

arolia is several times larger than the ones of F. occidentalis.

6.2.7 Crosslinking testing of linseed oil droplets
The size of LO droplets in emulsions was measured by Dynamic Light Scattering using a
Zetasizer Nano ZS from Malvern Instruments (Worcestershire, England).

While ongoing crosslinking of LO droplets was performed through different treatments, a
visual assessment of the beading was performed by depositing drops of emulsion with pipettes

on glass slides (every 24 hours). The appearance of the drop was checked upon after overnight
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v

Further crosslinking

Figure 6.5: Top view photographs of the different observations of drying LLO-based emulsions drops on glass upon
evaporation of water after the emulsions were crosslinked using either temperature or air oxidation treatments.
(A), (B) LO forms a film as the droplets coalesce. (C), (D) A “skin” of LO was sometimes observed at the
edges of the drop, which would act as a oxygen diffusion barrier to slow down crosslinking [42]. (E)-(G) Beads
are progressively formed in the drop (appearance of hollows). (H) “Wrinkles” typically appear for emulsions
which crosslinked for too long periods, leading to LO beads forming on the walls of vials. Scale bars: 0.5 cm.

drying at room temperature (21.3°C £+ 1.0°C; RH = 40% + 1%). Figure 6.5 shows the three
main types of behaviour observed upon drying: (A)-(B) film formation of the drop due to
coalescence of LO droplets, (E)-(F) sticky oil “puddles” with beads of LO formed at the edges
of the drop, and (G) drop displaying several LO beads. The time to obtain beads (Figure
6.5G) was recorded as tpeqq. Photographs of the different drying stages were taken with a
Nikon D3200 digital camera (Nikon, Tokyo, Japan) (Figure 6.5). If formed, micrographs of the

LO bead agglomerates were taken with a VH-Z100UR microscopy (Keyence, Osaka, Japan).

In addition, the crosslinking of LO was assessed by a modified swelling test, where THF was
directly added to a small amount of emulsion (Figure 6.6). If LO was sufficiently crosslinked,
then the mixture became cloudy when enough THF was added, and bead precipitation was

observed for emulsions presenter greater crosslinking (poor solvent condition, xy > 0.5) [43].

The emulsion-THF mixtures were filtered and the weight of LO left on filter papers was
recorded (%ro, firer). Some emulsions presented a lot of solid crosslinked LO on the cells of

the glass vial (Figure 6.5H), which was weighed after drying the residues at 40°C for 24 hours
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Solubilisation

Oil-in-water emulsion

Cloud point Bead

precipitation
Figure 6.6: Modified swelling test employing THF: a few drops of THF were added to emulsions. ‘Low’
crosslinking densities (CL) resulted in solubilisation of the droplets by the THF /water mixture as the crosslinks
are dissolved upon addition of solvent, leading to high soluble fraction (SF') values. Otherwise, ‘high’ CL are

observed as the crosslinks collapse. Precipitation of the beads was sometimes observed for the highest CL.
‘High’ CL lead to smaller SF values.

(%10, giass)- The final soluble fraction of LO (SF) was calculated as:

SF (%) =100 — (%LO7 filter — %LO, glass (61)

6.2.8 Statistics

All data were tested for normal distribution. Two-tailed Mann—Whitney tests (U-tests) were
used for non-normally distributed unpaired tests. P-values below a = 0.05 indicated sig-
nificant differences between the results and were performed using Social Science Statistics
(https://www.socscistatistics.com). Repeated measures and one-way ANOVA and Pear-

son’s correlations tests were carried out in Excel 2016.
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6.3 Results and discussion

6.3.1 Model PDMS-in-water emulsions
In order to establish a proof of concept, model PDMS/SDS/water emulsions were prepared
and tested in leaf choice experiments with thrips. Sylgard 184 PDMS was chosen as it cures
relatively fast (48 hours) at room temperature [44].

Two PDMS pre-polymer (vinyl end-capped oligomeric dimethyl siloxane) to cross-linker
(methyl hydrosiloxane) ratios, 50:1 and 80:1, were used to favour tackiness/adhesiveness com-
pared to the standard ratio (10:1) [45]. 2 g of the two PDMS components were added to 1.0
wt% SDS in 20 mL Milli-Q water (Table 6.1). The mixtures were vortexed for 30 seconds at
1000 rpm. The vials were placed on a tube rotator (40% speed) and were mixed for 48 hours
at room temperature to achieve PDMS curing [44]. Unlike emulsion S80:1, non-fully cured

filaments of PDMS were surprisingly formed in S50:1.
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Figure 6.7: Silver damage to C. baltica leaves by F. occidentalis using SDS standard and PDMS-in-water
emulsions stabilised by SDS in leaf disc dual choice bioassays. Blue and orange bars indicate the first and
second mentioned treatments, respectively.
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Table 6.1: Model PDMS-in-water emulsion droplet size and performances in leaf choice assay. The values are
expressed as mean + standard error on the mean (s.e.m.).

. Leaf d :
. Pre-polymer to [Emulsifier] Droplet Leaf d.amage. ca Cenase
Emulsion link i (wt%) ize (jim) emulsifier vs. emulsifier vs.
Cross-linker ratio Wti70 s1ze (pum water (%) emulsion (%)
S50:1 50:1 1.0 7T+2 41 +21vs. 1345 15+4vs. 19+ 6
S80:1 80:1 1.0 14 + 4 41 +21vs. 13 +5 36 £ 18vs. 4+ 2

The leaf preparation procedure (discussed in the Materials and methods section) was per-
formed on C. baltica leaves, which were tested in leaf disc dual choice bioassays by thrips against
leaves treated with water or a SDS standard (1.0 wt% solution, Figure 6.7). This test tends
to present large standard errors, although non-significant for a = 0.05, as highlighted with the
non-treated leaves, where we observed 33% vs. 9% damage (Mann-Whitney, Usg = 6, P =
0.066). The large standard errors are due to thrips eating from the edges of the leaves, which
can be difficult to distinguish from the damage caused by punching the disks.

Using the coarse adhesion test, all glass slides, except the non-treated one, with and without
emulsifier, were found to retain the sand, indicating they could be sufficiently sticky for thrips
due to the similar size of the grains and the arolia of thrips. Interestingly, A. cephalotes ants’
locomotion was not impeded after walking on the treated slides, indicating potential selectivity
to insects.

The SDS treatment led to more leaf damage than in the absence of treatment or water
treatment. This either indicates the thrips fed more on the former leaves, or that the aggressive
SDS solution damaged them. With the S80:1 emulsion treatment, the presence of the PDMS
particles reduced the damage to leaves. These preliminary results indicate that sticky emulsions
droplets could be used to reduce insect damage to plants. In the next section, we describe the

use of biocompatible systems based on linseed oil and biodegradable emulsifiers.

6.3.2 Emulsifier screening in LO-in-water emulsions
PDMS-based model emulsions showed reduced silver damage by thrips and we investigate in
this section if emulsions based on LO also have such properties. To this end, we prepared
LO-based emulsions (A-D) with thermo-resistant biodegradable emulsifiers similarly to the
PDMS-in-water procedure. At this stage, we did not investigate the crosslinking rate of LO

as we performed this test to select an emulsifier for further experiments: hence, all emulsions
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Figure 6.8: Silver damage to C. baltica leaves by F. occidentalis in leaf disc dual choice bioassays using LO-in-
water emulsions stabilised by different biodegradable emulsifiers. Silver damage could not be estimated for the
DOSS stock solution as immediate damage was observed due to the heating necessary to dissolve the emulsifier.
For the sake of clarity, only the damages obtained on leaves treated with emulsifier and emulsions are shown
here.

showed large soluble fractions of LO (SF > 90%) (Figure 6.5A, B).

Some pre-crosslinked LLO was prepared by heating the oil under mechanical stirring in a
closed vial for 48 hours to 65°C. This temperature ensures only a low fraction of double bonds
converts to crosslinks [46]. The LO, emulsifier and ultrapure water were sheared for 5 minutes.
Here, shearing was favoured to vortexing to prevent the rapid creaming of the oil, 7.e. when the
oil phase moves to the top of the vial. DOSS needs to be heated to ca. 40°C to be water-soluble
and the amounts of emulsifiers were tuned until no macroscopic creaming could be observed
and were hence above their critical micelle concentration (CMC) (Table 6.2). The vials were
placed on a tube rotator (40% speed) and were mixed for 48 hours at room temperature to

further crosslink linseed oil.

The sprayed emulsions formed sticky coatings rather than beads once sprayed on glass and
C. baltica leaves as the oil droplets coalesced. Sand showed improved adhesion on sprayed glass
slides compared to the PDMS-based emulsions. Interestingly, the coalesced oil films did not

affect A. cephalotes ants’ locomotion.
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Table 6.2: LO-in-water emulsion droplet size and performances in leaf choice assay of emulsions A-D. The emulsifier amount is based on the oil phase. Leaf damage
could not be estimated for the DOSS solution as immediate damage was observed due to the heating necessary to dissolve the emulsifier in the stock solution).
¢: the biodegradability was measured as the decomposition of the emulsifier in a water buffer after 28 days, values supplied by the manufacturers. Different OECD test

Chapter 6

guidelines were used. The values are expressed as mean =+ standard error on the mean (s.e.m.).

. Emulsifier, wﬂomwmwm&- [Emulsifier]  Droplet Leaf m.@ MAEE: Leal Q.@Emmm“
Emulsion e ability (%) Vo () emulsion vs. emulsifier vs. Comments
= (%) R S water (%) emulsion (%)
A AG 6206, 71% 50 215 + 1 Ovs. 2344 10+ 4vs. 342 ‘lotof emulsifierneeded
non-ionic at RT
B LCN 158, 75% 18 98344 140vs 2448 Ad+2vs 543  mulsionand emulsifier
non-ionic give similar results
C LCN 287, 75% 22 31343 4+1vs 40410 2+2vs 5o  uulsionand emulsifier
non-ionic give similar results
DOSS, Emulsifier needs heat to
D anionic 91% 2 330 £10 2+ 1wvs. 38+ 13 N/A be dissolved
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Besides the bead size effect potentially observed with PDMS-based emulsions, this also
shows that ants are not affected when walking on tacky surfaces, possibly due to the adhesive
fluid their pads secrete to remove contaminants [47].

The silver damage to treated C. baltica leaves by thrips is shown in Figure 6.8. Although
the formulae were not optimised with regards to the droplet size or the crosslinking, one can
see the emulsions greatly reduced damage produced by the insect pests compared to the water
standards (U-test, Usg < 5, P < 0.05 for the 4 emulsions). Some F. occidentalis remained
trapped for a few seconds, or eventually died at the surface of the treated leaves, especially with
emulsion A (formulated with AG 6206). When tested against water, leaves treated with this
emulsion exhibited no damage. However, the emulsifier does not stabilise LO well, which would
be problematic for long-term storage. Although DOSS is a readily biodegradable emulsifier
(91% after 28 days, supplier data) and the DOSS-based treatment led to only 2% + 1% damage
against water-treated leaves, the need to heat the standard emulsifier stock solution prior to
the test makes its use impractical in leaf choice assays. Therefore, LCN 158 was selected in the
further experiments to develop crop protection formulae.

After showing the efficacy on silver damage reduction using LO-based emulsions, we now
need to consider the optimisation of LO crosslinking and droplet size to maximise adhesion of

thrips to treated leaves.

6.3.3 Linseed oil crosslinking optimisation
In this section, we describe how to accelerate the crosslinking of LO using (1) a metal dryer,
zinc naphthenate; (2) blown LO, prepared by bubbling air into LO under heating; and (3)
by increasing the amount of oxygen by blowing air through the emulsions and opening the
vials. Since the LO-based emulsions forming tacky coatings and “puddles” described above
were sticky to thrips, the following emulsions (Table 6.3) were not tested on F. occidentalis and
C. baltica leaves.

All emulsions were prepared using an Ultra-Turrax (11,000 rpm for 5 minutes), followed by
mechanical agitation at 450 rpm (Table 6.3). Here, we used tap water (conductivity = 598
pS.m-1 and pH = 6.95) rather than ultrapure water in an attempt to accelerate crosslinking as
it contains dissolved oxygen [29]. Using tap water would not be possible with ionic emulsifiers

as stabilisation would be reduced due to water’s ions charge screening [48].
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Table 6.3: Preparation conditions, tpeqq, size of LO droplets after tpeqq was reached and SF of emulsions
prepared in different conditions. All emulsions were formulated with 6 g LCN 158 (18% expressed on the oil
phase), 2 g LO and approximately 14 g water. All emulsions were prepared using an Ultra-Turrax (11,000 rpm
for 5 minutes), followed by mechanical stirring at 450 rpm. Emulsions LO-70-1ZN, LO-70-10ZN and the ones
made from BLO, as well as the standard, were heated to 70°C while stirring. The amounts of zinc are based
on the oil phase using zinc naphthenate containing 10% zinc. The number of BLO hours refers to the number
of hours used to produce blown linseed oil. Bubbling indicates that compressed air bubbles were blown into
the emulsions, RT conditions were 21.3°C 4 1.0°C and 40% 4+ 1%RH. ¢: (c¢) indicates a cloud transition was
observed upon addition of THF (Figure 6.6). The values are expressed as mean + standard error on the mean
(s.e.m.).

Time (tpead) tO Droplet

Emulsion Conditions observe beading size after SF* (%)

on glass (hours)  tpeqq (nm)

Standard Standard 601 321+ 9 92 (c)
LO-70-1ZN 0.1% zinc 477 374 + 24 92 (c)
LO-70-10ZN 1% zinc 68 800 + 41 92 (c)

BLO-11 BLO, 11 hours 504 744 + 44 93 (c)

BLO-43 BLO, 43 hours 624 796 £ 79 73

BLO-63 BLO, 63 hours 355 755 + 47 45

BLO-77 BLO, 77 hours 92 929 £ 74 45

LO-B-RT Bubbling, RT, 1% zinc 44 374 £ 11 88 (c)

LO-B-RT-10ZN Bubbling, RT, 1% zinc 44 108 £1 94 (c)

LO-B-50-10ZN  Bubbling, 50°C, 1% zinc 44 564 + 28 87
LO-O-RT Open vial, RT 111 705 + 32 89 (c)

LO-O-RT-10ZN  Open vial, RT, 1% zinc 111 682 + 50 94 (c)

Use of zinc naphthenate

Metallic catalysts (siccatives or driers) are mainly derivatives of heavy metals to accelerate the
drying properties of oils in paint coatings. Metallic naphthenates are typically used as siccatives,
lead has been almost entirely eliminated because of its toxicity, and has been replaced with e.g.
aluminium and zirconium naphthenate [49]. The catalysis mechanism of cobalt driers inducing
crosslinking in alkyd resins has been described in [50]. Drier partitioning in the aqueous phase
has been observed in alkyd emulsions when using strongly hydrophilic anionic emulsifiers [51],
which was likely reduced here since we used a non-ionic emulsifier.

As a proof of concept, we used in this study zinc naphthenate (ZN) owing to its lower
toxicity. Zinc is a plant nutrient but at higher concentrations, it is toxic [52]. Zinc can be

phytoremediated by some hyperaccumulator plants [53]. Interestingly, ZN has been found to
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be toxic to termites, and one could think it may be efficient against thrips [54]. Small amounts
of ZN (0.1 wt% and 1 wt% ZN) were used in emulsions LO-70-1ZN and LO-70-10ZN, these
amounts of naphthenate salts are typically used to accelerate the drying of LO [55]. The

emulsions were heated to 70°C.

It can be seen from Table 6.3 that the time to observe beading, tpeqq, of LO was decreased
compared to the standard when using ZN, in particular when using 1 wt% zinc, where an
approximate 9-fold decrease was observed. Although not measured here, this suggests that
most of the ZN was present in the oil phase [51]. All sprayed emulsions were tacky to sand
particles. The longer the crosslinking time, the smaller the droplets (r? = 0.98). The soluble
fraction (SF') of the three emulsions was large, 92%, although a cloud transition was observed
upon addition of solvent for all of them. The filtrates were clear, indicating that the precipitated
LO particles were large enough not to pass the filter pore size. Emulsions displaying large SF
could actually be beneficial as tackiness to insects would be provided by the low crosslinked
LO fractions through capillary forces upon contact with their legs [29]. If the use of ZN may
be detrimental to plants, these tests nonetheless nicely showed that #;.,q4 can be considerably
reduced. Using enzymes as alternatives to metal catalysts seems to be a promising, bio-friendly

method to crosslink linseed oil, but the enzymes are not yet readily available [56].

Blown linseed oil

Hardening of LO occurs through reaction between atmospheric oxygen and the double-bonds
present in triglycerides, which further react with one another to form crosslinks [29]. Therefore,
one way to catalyse the reaction is to increase the liquid/air interface. Samples of BLO were
taken every few hours and were added to LCN 158 and water to be further heated to 70°C

under mechanical agitation at 450 rpm.

The use of BLO reduced tp.qq compared to the standard emulsion, especially in emulsion
BLO-77 where it was reduced by approximately 6 times. All emulsions displayed similar particle
sizes after beading was observed (one-way ANOVA, Fj 71 = 1.47, P = 0.231). Although efficient,
the use of BLO was impractical owing to its large viscosity which rapidly increased over time,
especially after 63 hours preparation. Hence, the BLO which was prepared for 63 and 77 hours

(emulsions BLO-63 and BLO-77) was not easily dispersible in the water/emulsifier mixture. In
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Figure 6.9: BLO irregular beads which formed on the walls of glass vials in emulsions BLO-63 and BLO-77 (594
+ 83 pum, n = 22). Scale bars: 100 pm.

all samples, once tp.q was reached, 4% to 57% of BLO had polymerised on the walls of the
glass vials of emulsions BLO-11 to BLO-77, likely because of the low dispersibility of BLO when
using an emulsifier amount of 18 wt% on LO. This explains the low SF' values (45%) obtained
for emulsions BLO-63 and BLO-77 and the fact that no cloud transitions were observed (Table
6.3). The LO polymers formed agglomerates of irregular spheres in both emulsions (594 + 83
pum, n = 22, Figure 6.9). After formation of the agglomerates, LO formed “wrinkled” films
upon deposition of drops of emulsions on glass slides (Figure 6.5H). Hence, such emulsions

cannot be used for crop protection purposes.

Increased oxidation with atmospheric air
In this section, we compare the crosslinking performances between emulsions prepared with
open vials and by bubbling air through the emulsions to increase the amount of oxygen present
at the liquid/air interface (Table 6.3) .

Bubbling air and opening the vials was efficient at reducing teqq: 44 hours (emulsion LO-B-
RT) and 111 (LO-O-RT) hours were respectively needed to observe beading on glass, vs. 601
hours for the standard emulsion (Table 6.3). However, the addition of ZN or heating treatment
(emulsions LO-B-RT-10ZN, LO-B-50-10ZN and LO-O-RT-10ZN) led to the same results in
both cases.

All emulsions presented in Table 6.3 had submicron-sized LO droplets. Although all sprayed
emulsions were sticky to sand particles on glass slides, they proved to be too small to efficiently

stick to ‘small’ and ‘large’ A. cephalotes ant pads, as the ants could walk on and climb up
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the treated glass slides as easily as on non-treated surfaces, indicating potential selectivity to
insects. In these samples, the emulsifier level of 18 wt% on LO (3 times the CMC, with CMC
~ 5.1 g/L based on 80% active material, supplier data) is above the surface coverage necessary
to provide stabilisation, leading to many, small oil droplets. In fact, one could think that an
excess of surfactant, in addition to the droplet stabiliser, could increase the coverage of the
sprays on plants, but a surplus could cause them to runoff [57]. Hence, the following section
explores the increase of droplet size at room temperature. Since opening the vials is an easier
procedure to perform on many samples at a time, it was favoured to blowing air through the

liquid.

6.3.4 Optimisation of LO droplet size

Now that the crosslinking has been successfully optimised, we attempt in this section to increase
the size of LO droplets. It is important to note that to the best of our knowledge, no integrative
studies investigating attachment systems or adhesion performances of F. occidentalis have been
performed, unlike many other types of insects (e.g. [39, 58]). This means it is difficult to target a
precise bead size which can immobilise thrips on leaves. Species of the Frankliniella genus have
tarsi terminated with a single bladder-shaped adhesive structure, the arolium, of approximately
27 pm in diameter (measured from SEM micrographs in [40]). Upon landing on treated leaves,
droplets larger than this size would ensure large contact areas between their arolia and the
beads as well as increased adhesive forces [59]. Therefore, formulating large oil beads is a
presumably more efficient strategy to retain insects on sprayed leaves.

Leaf choice bioassays with model PDMS-in-water emulsions showed that ca. 14 ym PDMS
particles efficiently reduced silver damage as they were sticky to thrips. Unlike the sticky
puddles and coatings tested in section 2 (where the bead size did not matter due to film
formation), LO droplets sized below 1 pm might be too small to efficiently adhere to their pads
and immobilise them efficiently, despite that all sprayed emulsions were sticky to sand particles.
Experiments to test emulsions prepared in this section in leaf disc dual choice bioassays are
underway.

In this section, we tentatively produced emulsions with LO droplets larger than 1 pym using
open vials. Lowering the amount of emulsifier (3 wt% and 0.6 wt% on LO) led to unstable

emulsions as about 75% of water evaporated within a few days. Using a water condenser
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Table 6.4: Preparation conditions, tpeqq, size of LO droplets after tpeqq was reached and SF of emulsions
prepared in different conditions. All emulsions were formulated with 6 g LCN 158 (18% expressed on the oil
phase), 2 g LO and approximately 14 g water. They were prepared at 21.3°C + 1.0°C and 40% + 1%RH.

®: (c) indicates a cloud transition was observed upon addition of THF (Figure 6.6). The values are expressed
as mean + standard error on the mean (s.e.m.).

Emulsion Time (tpead) to Droplet
Emulsion preparation Conditions  observe beading size after SF* (%)
method on glass (hours)  tpeqq (nm)
Ultra-Turrax, Standard
Standard followed by ancard, 601 321 £ 9 92 (c)
Lo 450 rpm
magnetic stirring
LO-150-MS Magnetic stirring 150 rpm 175 3209 + 476 93
LO-450-MS Magnetic stirring 450 rpm 175 2216 £+ 301 93
LO-450-S Multi-slot shaker 450 rpm 222 339 + 82 84

would have prevented evaporation but may have slowed the autoxidation of LO. We therefore
increased the size of oil droplets keeping the amount of 18 wt% LCN 158 (based on LO).
Consequently, the emulsions were either prepared directly by mechanical agitation with stir
bars (150 or 450 rpm) or placed on a multi-slot shaker in the presence of 18 wt% LCN 158
(based on the oil phase). Stir bars had the same size to ensure identical shear across samples
(Table 6.4). The multi-slot shaker, despite allowing homogeneous mixing across a large number
of samples, led to poor dispersion of oil (emulsion LO-450-S). Mixing speeds as high as 1,750
rpm were needed to obtain similar dispersion and particle size distribution than emulsions
prepared under shearing, followed by mechanical agitation at 450 rpm (data not shown).
Increasing the amount of oxygen in contact with emulsions decreased t,..q by approximately
3 times (Table 6.4). The emulsion prepared with the multi-slot shaker at 450 rpm (LO-450-S)
displayed submicron-sized LO droplets. Emulsion LO-450-MS, with the same composition, but
prepared using magnetic stirring at the same speed, presented relatively large droplets (2216
nm + 301 nm). The droplet size distribution significantly varied over time for both emulsions
(repeated measures ANOVA, Fy o4 = 7.46, P < 0.001 and Fg 54 = 14.44, P < 0.001 for emulsions
LO-450-MS and LO-450-S, respectively) and was much wider for emulsion LO-450-MS (Figure
6.10). Both emulsions presented narrow bimodal droplet size distributions, likely growing due
to limited (heterogeneous) coalescence [48, 60]. The oil solubility is likely too low in water to

allow the droplets to grow in size through Ostwald ripening [48].
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Figure 6.10: Evolution of LO droplet size over time for LO-in-water emulsions prepared with 18% LCN 158
(based on the oil phase) at 450 rpm using: multi-slot shaker (black squares, LO-450-S) and magnetic stirring
(red circles, LO-450-MS). DLS measurements were performed until tyeqq was reached. Lines are guides to the
eye.

The emulsion prepared at 150 rpm (LO-150-MS), was prepared at too low shear to emulsify
the full content of LO and therefore showed the largest droplet size and large polydispersity
(the polydispersity index by cumulant analysis was 0.98 after tpeqq [61]). Emulsions LO-150-MS
and LO-450-MS formed large beads after deposition on glass slides (Figure 6.5G).

Although a relative short beading time was reached owing to the increased air/liquid inter-
face with regards to the standard emulsion, large soluble oil fractions (SF') were obtained (Table
6.4). Unlike the previous section and in the standard emulsion, there was no cloud transition
observed upon addition of THF to emulsions (Figure 6.6). This indicates that many of the
droplets were not highly crosslinked and hence provided stickiness [29]. Even if non-significant
at a = 0.05, the fraction of SF was found to increase for smaller LO droplets in the emulsion
series described in section 6.3.3 (Pearson’s r = 0.54, P = 0.067).

Emulsions described in Table 6.4 were sticky enough to retain sand. Once sprayed on glass

slides, they formed heterogeneous ensembles of tacky beads and puddles (Figure 6.5G), which

could be detrimental to plant photosynthesis. Although we succeeded in preparing emulsions
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with LO droplets larger than 1 um, the aspect of such emulsions is difficult to control once
sprayed on surfaces as some LO coalesces (Figure 6.2B, Figure 6.5).

Larger droplets can be prepared by reducing the amount of emulsifier in closed vials to pre-
vent water evaporation. The addition of a dryer, e.g. zinc naphthenate, would reduce the time
to observe crosslinking of LO. However, emulsions prepared at lower emulsifier concentration
or using “unsophisticated” alternative mixing devices (whisk, milkshake maker or food mixer)
showed irreversible coalescence and/or most of the oil crosslinked on the walls of vials (data
not reported). Emulsogen LCN 158 is a non-ionic PEG-based emulsifier and provides stabil-
isation through steric effects. Anionic emulsifiers, like the SDS and DOSS emulsifiers tested
in this work, would likely provide enhanced stabilisation via ionic repulsions. However, SDS
is an aggressive emulsifier and SDS-based emulsions were found to damage C. baltica leaves.

Cationic emulsifiers should not be selected as they may be toxic to soils [62].

6.4 Conclusions

This preliminary work successfully showed that by bio-mimicking glandular trichomes, sticky
spheres present at the surface of plants to retain insects, the damage to C. baltica leaves by F.
occidentalis thrips could be reduced. Our proof of concept produced bio-degradable emulsion
sprays based on linseed oil, which, once dried on a substrate, form tacky beads and films of
coalesced oil droplets (Figure 6.2B).

In addition to leaf choice dual disc bioassays with thrips, we used “crude” adhesion and
locomotion testing with sand particles and A. cephalotes ants. Sand particles served as models
of attachment pads of Frankliniella thrips, which are in the same size range. All treated glass
slides were tacky and retained sand, but did not hamper ants’ free-roaming, which possess
larger pads, which indicates potential selectivity to insects. While thrips were mainly tested
with coalesced LO films, 14 um PDMS beads were sticky to their pads, but not to ants’. Large
beads may be beneficial to impede insect adhesion as insects’ pads generate greater contact areas
[59]. The natural enemies of certain thrips are either larger in size, e.g. the 10-20 millimetres
Chysoperla carnea [6, 63], or share the same length range (Neoseiulus cucumeris < 1 millimetre
[64], Franklinothrips vespiformis 2.5-3 millimetres [65] [1]. This suggests the technology, as it
is, might not be selective enough to only target thrips pests. Integrative studies to understand

how thrips adhere to surfaces (e.g. use of claws, adhesive pads or secretion) may aid to further
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tune our strategy.

After selecting Emulsogen LCN 158 as an emulsifier, the challenging formulation steps were
to obtain (1) sufficiently crosslinked linseed oil beads and (2) sufficiently large beads, which have
been overcome by (1) increasing the amount of oxygen at the air/liquid interface by opening
the preparation vials. This solution was favoured to heating emulsions to 70°C, as this lacked
efficiency in terms of reducing tpeqq, and to adding 1 wt% zinc as this may be detrimental to
plants. Using enzymes as replacers of metal catalysts appears to be an efficient, bio-friendly way
to crosslink linseed oil [56]. For (2), we simply reduced the shear rate by decreasing the stirring
rate during preparation. Decreasing the amount of non-ionic emulsifier led to destabilisation
(coalescence, creaming). The use of anionic emulsifiers may overcome this problem owing to

improved repulsive interactions.

Since ageing LO films form crosslinks over long periods, the stickiness of the beads may
be decreased over time, but is slowed down as unreacted glycerides act as plasticisers in the
network [29]. Some coalesced LO films became tack-free after the glass slides were left at RT
(were 21.3°C £ 1.0°C and 40% £+ 1%RH) for several months. We used in this work “crude” tests
to assess adhesiveness to different insects (F. occidentalis thrips and A. cephalotes ants) and
sand, hence more “sophisticated” testing should be employed to this end. Field experiments
should be performed to assess how long the sprayed emulsions would remain tacky enough to
retain thrips. Investigating if such treatment may be detrimental to the plant’s photosynthesis
would be of interest, as once sprayed onto glass panels, sufficiently crosslinked emulsions formed
heterogeneous ensembles of sticky beads and puddles. The control of the appearance of the
beads appears essential for further testing. Further crosslinking could be achieved by using e.g.
UV-treatment, reactive emulsifiers which anchor at the droplet’s surface [51] or by reducing the

LO fraction to increase the amount of oxygen per droplet.

Slow release of e.g. deterrent compounds to F. occidentalis, such as jasmonic acid deriva-
tives, attractants to their enemies, or pesticides [13, 36, 66|, if incorporated in the oil beads, may
be very efficient at repelling or killing thrips in the field. Our strategy, although only a proof of
concept at present, could become a sustainable alternative to pesticides and petroleum-based
sprays in agriculture with further research. Their use in the control of thrips could be exploited

in combined pest management strategies [36].
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General discussion

7.1 Introduction

This thesis aimed to investigate novel, eco-friendlier alternatives to insecticides for use in build-
ings and agriculture. As reviewed in Chapter 2, insect pests are detrimental to human activity,
in particular to buildings, agriculture, forestry and health. While pesticides are an efficient way
to tackle them, they often pose health and environmental issues [1, 2].

Alternatives to insecticides include, but are not limited to: biological pest control, plant-
based repellents, slippery surfaces or particle-transferring films [3-7] (Chapter 2). In many
cases these strategies are inspired by natural insect-repelling mechanisms, as many plants deter
herbivores by chemical or physical means. We studied eco-friendlier paint coatings and crop
protection sprays which “repel” insects via mechanical means inspired by the carnivorous plant
Nepenthes alata and by plant surfaces covered in trichomes, respectively. The former possesses
inner walls covered in epicuticular wax crystals, which are very slippery to many ant species
due to their detachability and fluid-absorbing properties [8]. The latter plant presents sticky
adhesive droplets to capture and digest insects on the surface of their leaves [9].

We provide answers to the questions addressed at the beginning of the thesis: what formu-

lating parameters are important to produce (1) wall paints slippery to Atta cephalotes ants?
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and (2) spray emulsions sticky to Frankliniella occidentalis thrips on plants? This chapter aims
to provide guidelines to formulators and we therefore address the following underlying ques-
tions: (i) the importance of the choice of the pigment (diameter, type) and (ii) of the polymer
binder (size, glass transition temperature (7}) and type) to provide slipperiness to paints; and
(iii) the importance of formulation parameters for the formation of adhesive beads with regards
to emulsion sprays for crop protection will then be summarised. Some of these aspects have not
been mentioned in the chapters related to coatings, preliminary results will hence be discussed.

Questions relating to further research will then be examined.

7.2 Coatings slippery to insects (Atta cephalotes ants)

Existing solutions preventing insects from adhering and climbing surfaces include SLIPS (Slip-
pery liquid infused porous surfaces) and Fluon (PTFE) coatings [5, 6]. The former is based on
the combination a porous solid infused by a lubricant inspired from the peristome surface of
Nepenthes plants [10]. The latter are slippery coatings employed in insect nest containers to
prevent them from escaping as they possess detachable particles which adhere to insects’ legs
(Chapter 3). Fluon coatings are however expensive solutions [11, 12]. Cheaper alternatives
may include paints: Zhou produced paint prototypes which were found to be slippery to several
insect species, likely due to substrate roughness [13]. The work presented in this section is the
continuation of this project, our results showed that the slipperiness in our paints is partly due
to particles detaching from the coatings and contamination insects’ pads.

Pad contamination can impede insect locomotion [14-16] and is overcome by self-cleaning,
i.e. by means of grooming, brushing or by using special structures [16-19]. Bringing their pads
into contact with a surface with greater attraction forces to these contaminating particles has
also been suggested to impact self-cleaning [20].

In Chapters 3-5, we studied ant-slippery paints which were inspired by the inner wall
surface found in some species of pitcher plants: in both cases, their anti-adhesive properties to
insects are mainly due to particles detaching from the surfaces and adhering to insect pads [8].
We found in Chapter 3 that the efficacy of the paint slipperiness primarily lies in the balance
between the amount of polymer binder and pigment, the PVC (Pigment Volume Concentration).
In other words, when there is not enough polymer binder to wet all pigment particles, they

detach from the paint coatings, adhering to the sticky feet of Atta cephalotes L. (Hymenoptera,
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Formicidae). This leads to a loss of contact between the pad/substrate and the insect is hence
likely to slide from the surface before the pad can self-clean. Optimising particle detachment
to reduce self-cleaning and improve surface slipperiness is therefore of importance and can
be easily tailored through the choice of pigment and binder properties. In the next sections,
we compare the findings obtained in Chapters 3-5 to understand what mechanisms provide
slipperiness to insects in paint coatings. Preliminary results on the type of pigment and binder

as well as binder 7, which have not been presented in previous chapter are discussed here.

7.2.1 Importance of pigment

Pigment diameter
The fouling particle size has been demonstrated to impact self-cleaning of ant pads [20], but
not those of stick insects [18]. It has also been suggested that small particles contaminate ant
pads when smaller than the claw basal distance [20, 21]. We review in this section how the size
of the pigments employed in paints affected slipperiness.
In Chapter 3, we showed that 1 ym CaCOj3 particles adhered better to the sticky feet of
A. cephalotes than 300 nm TiO, particles. Our results also demonstrated that the self-cleaning
time increases with the PVC.
Paints containing different grades of CaCOg particles (1-45 pum, dsgy values) in the presence
of a 64 nm acrylic latex showed an optimum slipperiness for 10 ym particles (Chapter 4).
However, the calcium carbonate particles have a very broad distribution and small particles
(ca. 1 um) were found to have adhered to insect tarsi for every grade (Figure 7.1). We therefore
attribute the observed dependence on the slipperiness to a change in roughness: the extender
pigment diameter influences the roughness of the coating, and the slipperiness decreased for
paints displaying asperity sizes larger than the claw tip diameter (5.0 £ 1.7 pum), as observed

for other insects [22, 23].
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Figure 7.1: CaCOjs particles observed under SEM on arolia of Atta cephalotes ants after climbing a paint
formulated with 45 pum (dsgy) extender particles. Only the smaller particles were observed (ca. 1 pm). Scale
bars: (A) 10 pm and (B) 1 pm.

Importantly, several ant leg samples exhibited either haemolymph (blood) or damaged arolia
under SEM after the ants climbed the paints containing extender pigments larger than 5 pm,
which probably further impeded their locomotory behaviour (Chapter 5). However, we did

not observe insects dying after climbing due to pad abrasion [24].

These results highlight the complexity of the slipperiness mechanism induced by our paints.
In addition to the pigment diameter, statistical analysis in Chapter 3 showed that the slipper-
iness was due to a combination between PVC, surface roughness, wettability and peak density.

The effect of pigment type is reviewed in the next section.

Pigment type

In addition to particle size, the self-cleaning time has been found to be impacted by the surface
energy of fouling particles [21]. Tt has been observed in Chapter 3 that ant pads detached
platelet-shaped CaCOQOg particles more easily than the spherical TiOq particles. Is this only due
to particle size, or also because of shape or chemistry effects? To test this, we investigate here
three different silicate extenders: kaolin, mica, and talc. The grades of kaolin, mica and talc
chosen here are thin, platy particles with diameters ranging between 1.6-5.0 um and present

large oil absorption (OA) values (Table 7.1).

Paints formulated with 20 wt% extender pigment in the presence of SDS and a 64 nm acrylic

latex at PVC 60 and 70 were characterised in terms of surface roughness, wettability, porosity
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Table 7.1: Pigment and extender pigments used in this study. OA is oil absorption, i.e. the required amount
of linseed oil to saturate 100 grams of pigment or extender, which indicates how much binder will be needed to
wet the solid particles. The Critical Pigment Volume Concentration (CPVC) is calculated from OA values [25].
@: values stated by the suppliers. Examples of platelet and thin platy morphologies are given in Figure 7.2.

Extender Supplier Type Morphology ( d5ojlzzm) “ (mL?lAa 0g)" CPVC (%)
Tiona 595 C“StalU(% msbY,  Ditania  Spherical 0.3 19 54
Omyacoat Omya (Orgon,
850 OG France) Chalk Platelet 0.9 21 63
BASF (Florham . .
ASP 170 Park, NJ, USA) Kaolin Thin platy 1.6 45 44
Mica Mu Imerys (Toulouse, . .
M2/1 France) Mica Thin platy 5.0 65 35
Jetfine 1 Imerys (Toulouse, Talc Thin plat 3.5 70 32
France) praty '

(PVC 70 paints only) and slipperiness to A. cephalotes ants.

We showed in Chapter 3 that the PVC increase is the main driving factor to enhance
coating slipperiness to ants when using CaCQOg particles. It does not seem to be the case for all
particle types, as the slipperiness was found to be greater for PVC 60 paints containing TiOq
(due to larger cracks providing grip to insect claws at PVC 70), talc and mica (Figure 7.2A).

One would expect pigments exhibiting large OA values to be easily detached from the
coatings at a given PVC as these lead to low CPVC values [25]. However, the paints in this
study were not very slippery (max. 85% for the talc, 60% PVC paint), and paints formulated
with mica showed little slipperiness (OA 65, Figure 7.2A), while calcium carbonate and kaolin
performed similarly at PVC 70 (OA 21 vs. 45, Figure 7.2A) (slipperiness x OA, Pearson’s r
= 0.19, P = 0.590). Only the pigment type, regardless of their shape and size, significantly
impacted the slipperiness at both PVCs (one-way ANOVA, F' = 14.97, P < 0.001).

One could think that the thin, platy shape of particles favour large pad attachment forces
due to their large surface-area-to-volume ratio, making them less slippery to insects. When
comparing the slipperiness obtained for platelet (CaCOj3) and thin platy (silicates) extenders
(Figure 7.2B, C), the shape of the particles was found not to have a significant impact on the
slipperiness (t-test, t = 0.085, P = 0.93). Spherical (TiO3) particles were not considered in the
test as the low slipperiness (< 10%) in these paints is driven by the cracks (Chapter 3).

In comparison with the paints formulated with chalk, SEM highlighted that there more

loose particles on top of the silicate coatings than with mica and talc (3.5 ym and 5.0 pm,
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respectively) (Figure 7.2C). For the paint containing mica (5.0 pm, dso), the particles coming
out of the paint film’s surface were large (31.2 pum £ 12.1 pm, n = 43). For the silicate paints,
only a few individual particles were observed on insect tarsi under SEM. Therefore, rather
than due to their shape, particles with sizes larger than 3.5 um (dsoy) are likely too large to
contaminate the sticky pads of A. cephalotes ants, as observed in Chapter 5 (Figure 7.2A)
[21].

Rather than their shape and OA, the diameter of the extender pigments impacts the slipper-
iness: increasing dggy diameters between 0.3 and 3.5 um optimised the slipperiness for insects
(Chapter 5). This suggests that in addition to the pigment diameter, the relative pad/particle

and binder/particle interactions are also important factors impacting insect attachment.

We showed that the choice of pigment can significantly impact the slipperiness to insects.
From a practical perspective, we provide the following guidelines on its choice: if one wants to
use this type of paints to provide slipperiness on outdoor walls, the PVC of the paints should
be reduced, so they resist weathering and rain. A PVC decrease could be performed using a
3.5 pm talc extender to provide similar levels of slipperiness to ants to the ones obtained with
the 0.9 um CaCOg grade used in Chapter 3. If used indoors, PVC 70 paints are very efficient
when formulated with 10 um CaCOgj particles in combination with a 65 nm acrylic latex at

PVC 70.

A 100
90 A
80 A

70 A

60 - M Titania - 0.3 um

50 - W Chalk - 0.9 um

M Kaolin - 1.6 um ‘

40 1 Talc-3.5 pm

30 - B Mica -5 pm

Surface slipperiness (%)

20 -
10 -
) I i

PVC 60 PVC 70

Figure 7.2: (A) Slipperiness to A. cephalotes (ratio of fallen off ants) comparison of 20 wt% pigment PVC
60 and 70 paints for TiO5, CaCOj3 and silicate paints. (B) SEM of 20 wt% CaCO3; PVC 70 paint. CaCOj
particles are platelet-shaped. (C) SEM of 20 wt% mica PVC 70 paint. Coatings made of silicate particles (platy
particles) showed little porosity. Scale bars: 1 pm.
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7.2.2 Importance of polymer binder

Binder size
On the inner wall of some Nepenthes pitcher plants, the epicuticular wax crystals have been
suggested to absorb the adhesive fluid secreted by insects, leading to a loss of contact between
their pads and the surface (fluid absorption hypothesis) [26, 27]. In addition, the hairy pads of
Coccinella septempunctata (L.) (Coleoptera, Coccinellidae) beetles have been found to generate
lower attachment forces on surfaces with increasing porosity as their fluid is absorbed by pores
[28]. Therefore, can porous paint coatings perform similarly?

We have, in Chapter 5, prepared porous paint coatings by increasing the size of the la-
tex binders (sized between 65 and 850 nm), which also reduces the Critical Pigment Volume
Concentration (CPVC) as well as the wettability as less surfactant is used [29, 30]. The slipper-
iness to A. cephalotes increased with both larger binders and lower surfactant amounts. Lower
CPVC values should also favour particle detachment when PVC > CPVC for large PVC values
(Chapter 3). We hypothesised in Chapter 5 that paints made of ‘large’ (> 250 nm) latexes
were very slippery to ants as the pores absorbed their adhesive fluid, resulting in a loss of con-
tact between the pad and the paint. The secretion has several uses to insects: (1) it provides
attachment through capillary forces (wet adhesion) [27, 31], (2) fills in substrate protrusions to
compensate surface roughness [14, 32-34], and (3) ensures rapid pad detachment from surfaces
[32, 35] (Chapter 2).

Tailoring the binder particle size offers a simple solution to formulate slippery coatings to
ants. We found that the use of ‘large’ acrylic latexes (> 250 nm) in the presence of 0.9 ym
CaCOg particles produced very slippery paints. However, increasing the binder size negatively
affects the water permeability and scrub resistance, two essential parameters for outdoor paints.
One therefore needs to take into consideration this delicate balance to optimise paint properties
and slipperiness. We review in the two following sections if in addition to particle size, the binder

T, and chemistry may be tuned to maximise slipperiness.
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Binder 7

In addition to the work carried out in Chapter 5, we did preliminary work to study the effect
of glass transition temperature (7,) of the binder on slipperiness to ants. High 7, polymer
films are acknowledged to be less tacky than low T, ones [36]. To assess whether T}, can impact
ant attachment, paints were formulated with 20 wt% extender pigment (0.9 um CaCOj3) in
the presence of SDS and acrylic latexes of increasing 7, (from -10.7 to 47.8°C) and a constant
particle size (88 £ 3 nm, single factor ANOVA, F;; = 0.39, P = 0.806) at PVC 60 and 70.
The T, was varied by changing the ratio between monomers, methyl methacrylate (MMA) and
butyl methacrylate (BA) (Table 7.2).

In this work, the slipperiness was impacted significantly by PVC (r = 0.60, P = 0.042)
and water contact angles measured on paints (r = 0.75, P = 0.013). These results are in line
with the PVC > CPVC condition, as there was not enough polymer to fully wet all extender
pigment particles. Toikka et al. noted that pull-off forces between micron-sized solid particles
and polymer films were largest when T ~ T, (T, = 43°C, with T ranging between 20-70°C)
and this is what we observe here at PVC 60 as the slipperiness was the lowest for the paint
formulated with latex 11 (7}, 24.7°C £ 0.4°C) [37]. However, the T, of the coatings did not
significantly influence insect attachment as similar slipperiness values were obtained for all

latexes for both PVCs (82% £ 11%, r = -0.34, P = 0.342) (Figure 7.3B, PVC 70 paints).

A 14 B 100
- = 90 A
T 12 X
e ~ 80 -
< 2 2
- qJ -
o0 10 o
£ T 60 1
& 8 % Q 50 -
o 2
= 6 5 407
& Y 30
T ©
g 4 (I < 20 -
>
A 10 -
2 .
20 0 40

0
20 .
Tg(C) Tg(C) -10.7 3.8 24.7 38.6 47.8

Figure 7.3: (A) Weight loss of paints scrubbed to 2000 cycles vs. glass transition temperature (Ty) of the latexes
used in the paints. S.D. values of T}, are below 0.5°C and are hence not visible. (B) Surface slipperiness of PVC
70 paints before (blue bars) and after (orange bars) the paints were cycles for 2000 cycles.
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Table 7.2: Latexes employed in this study, with varying T, and constant particle size (84 &+ 8 nm). The values
are expressed as mean =+ standard deviation (SD).

Latex Composition (MMA/BA/AA) Particle size (nm) T, (°C)
13 30/67/3 87 +1 -10.7 £ 0.2
14 40/57/3 90 + 1 38 +0.1
11 45/52/3 92 £ 2 247+ 04
15 60/37/3 84 + 1 38.6 + 0.1
16 65/32/3 89 +1 478 £ 0.1

Interestingly, the T}, of the coatings negatively correlated to the weight loss occurring after
performing scrub resistance tests (r = -0.95, P = 0.014) (Figure 7.3A). The PVC 70 paints
showed excellent slipperiness values once scrubbed (min. 80%), as CaCOj particles were easily
detached by ant pads (Figure 7.3B). This is of interest for further applications: high T} latexes

can maximise the scrub resistance at equal slipperiness performances.

Binder type

During the research it became clear that the binder type is also of key importance to provide
slipperiness and is a topic that needs further investigation in the future, as underlined by the
promising preliminary data described in this section. Minimising the adsorption of polymer onto
pigment or extender particles could indeed improve slipperiness to A. cephalotes ant workers
as their sticky pads detach particles from the coating (Chapters 3-5). Several studies showed
that selecting the right binder can decrease pigment agglomeration [30, 38-40]. In particular,
Farrokhpay and colleagues investigated the adsorption isotherms of various polymers on titania
[41-43]. They found that polymers adsorb onto TiOs particles via anionic and hydrogen bond-
ing between TiOy’s hydroxide groups and polymers’ carboxylate groups. Therefore, stronger
interactions are favoured when the pH is lower than the isoelectric point of the pigment [41].
We carried out preliminary investigations to study the effect of the polymer type on slip-
periness. Common acrylic monomers used in waterborne latexes were used in the following
study: methyl methacrylate (MMA), 2-ethylhexyl acrylate (EHA), butyl acrylate (BA), vinyl
acetate (VA) and acrylic acid (AA). The use of 3% AA ensured that the latexes were negatively
charged at the working pH (ca. pH 8). The latexes obtained are separated into two groups of
same particle size and Tj: (1) 143 £ 7 nm, 7, 30.8°C &+ 2.2°C and (2) 197 £+ 8 nm, 7, 29.6°C
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Table 7.3: Latexes employed in this study, with different monomer compositions and constant 7T}, and varying
particle size across groups (group 1: T, 30.8 £ 2.2°C, 143 & 7 nm; group 2: T, 29.6 + 2.3°C, 197 £+ 8 nm). The
values are expressed as mean £ standard deviation (SD).

Latex Group Composition Particle size (nm) T, (°C)

MB-1 1 52/45/3 (MMA/BA/AA) 134 + 1 98.3 £ 0.5
ME-1 1 59/38/3 (MMA/EHA/AA) 144 + 1 33.7 £ 2.1
VB1 1 79/18/3 (VA/BA/AA) 150 + 1 30.3 £ 0.8
MB-2 2 52/45/3 (MMA/BA/AA) 187 + 1 26.7 + 0.4
ME-2 2 59/38/3 (MMA/EHA/AA) 207 £ 1 324 + 5.1
VB2 2 79/18/3 (VA/BA/AA) 197 + 1 20.6 + 0.8

+ 2.3°C (Table 7.3). The polymers of group 2 were formulated with less surfactant (SDS) and
were hence larger. These binders were incorporated in PVC 60 and 70 paints containing 20
wt% CaCOjz (Omyacoat 850 OG) stabilised by SDS.

In this work, the paints made from ME and VB latexes were very slippery for A. cephalotes
ant workers (min. 70% ants fell off from the panels). The slipperiness increased with PVC (r
= 0.64, P = 0.026), as shown in Figure 7.4A for the paints formulated with latexes from group
2. One can see that ME and VB latexes increased the slipperiness compared to MB polymers
(30% vs. 70% slipperiness at PVC 60).

The data suggest that the binders employed in this study presented different binding abil-
ities (adsorption) with CaCOj particles. All polymers were formulated with 3% AA, i.e. the
latex particles had similar negative charge coverages. At the working pH (ca. pH 8), CaCOj3
particles are negatively charged, so that repulsive interactions are expected to lower the adsorp-
tion of polymer onto particles [41]. Hydrogen bonding was found to be the main interaction
between TiO, particles and polymers with carboxylic groups [39, 44]. In our dry paints, polar
interactions are likely responsible for binding between acrylic polymers and CaCOs.

Once coated on metal sheets, the VB latex paints showed low aggregation at the macroscopic
level whereas the MB and ME binders led to the formation of some agglomerates at the surface of
the coatings [38]. This may suggest that VB polymers adsorb to chalk particles more strongly
to prevent its self-aggregation and that both CaCOj3; and VB latex particles remain stable
during the drying process [40, 47]. However, all latex particles approximately possessed similar

monomer functionalities and similar AA coverage.
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Figure 7.4: (A) Surface slipperiness to A. cephalotes (ratio of fallen off ants) of paints formulated with latexes
from group 2 (197 £ 8 nm, T, 29.6°C £ 2.3°C) at PVC 60 and 70. (B) Weight loss of paints (from both groups)
scrubbed to 2000 cycles vs. their surface porosity before being scrubbed. The surface porosity was measured
from SEM micrographs according to [45, 46].

As an alternative to adsorption isotherms; one could think that scrub resistance testing could
relate to a polymer’s binding ability. 70% PVC paints showed various levels of scrub resistance
(3.6 to 12.8 mg/cm? weight loss), as well as porosity (3.3% to 22.0%), which may influence
the weight loss results (Figure 7.4B). Neither data showed any correlation with the slipperiness
as the paints at PVC 70 were at least 90% slippery to ants. Paints with VB latexes actually
showed the lowest scrub resistance (highest weight loss), which does not support our reduced
agglomerate formation observation as this suggests that these polymers have the lowest binding
ability. Scrub resistance is mainly impacted by both binding ability and hydrophilicity of the
latex as tested in a surfactant medium [48]. The VB latexes were indeed the most hydrophilic
among the tested polymer binders. After climbing on all paint surfaces, regardless of their scrub
resistance, ants’ pads were found to be heavily contaminated with CaCOj particles (Figure 7.5).

The slipperiness cannot only be explained by the binding ability of the polymer, as the
change of binder chemistry also likely affected coating hardness and yield strength (not tested
here) [39, 49]. It is known that insect claws or spines can dig into soft substrates to get a grip
[50]. The yield strength and Young’s modulus of a coating were found to increase for strongly
bound pigment-polymer systems or for latexes having large acid surface coverage [39].

This section provided a useful insight into the tuning of the size, T, and chemistry of the
polymer binder to efficiently maximise slipperiness. We showed in Chapter 5 that porosity
increases with the particle size of the polymer. For commercial purposes, paints combining low

porosity, high scrub resistance and high slipperiness would be of interest. Low porosity would
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Figure 7.5: SEM micrographs of an A. cephalotes tarsi after climbing tests on the 70% PVC paint formulated
with latex VB-1. Arrows show CaCOj particles which detached from the coating. Scale bars: (A) 10 um and
(B) 1 pm.

ensure reduced water permeability. Paints incorporating ME-1 binders (MMA /EHA /AA) fulfil
these conditions. Alternatively, if used for outdoor applications, they could be used at PVC 60

as they led to acceptable slipperiness performances (70%-80%).

7.2.3 Importance of surface parameters
In addition to PVC, other surface parameters, namely the surface roughness (R, ), wettability
and porosity were found to affect attachment of ants to paint coatings in Chapters 3 and 5.
We also discuss the limitations related to surface roughness measurements and to the downsides

of an increase in porosity in paints.

Surface roughness (asperity size)

The effect of roughness (asperity size) on insect attachment have been widely studied in litera-
ture and summarised in Chapter 2 (Figure 7.6). In short, fluid-mediated adhesion in insects
occurs by means of a two-fold mechanism. Insects use their adhesive pads (either smooth or
hairy) which secrete an adhesive fluid to reduce friction to attach to ‘smooth’ surfaces (asperity
size < 50 nm) [23, 27, 32]. Their claws cling to surface protrusions on ‘rough’ substrates with
asperities larger than their claw tip diameter (ca. 3 um), while their adhesive pads secrete
an adhesive fluid to compensate surface roughness [22, 32, 34]. In the intermediary roughness
range, the attachment forces generated are smallest [23, 51].

In paints, the impact of surface roughness (R, ) has proven to be difficult to understand. The

exact nature of the roughness profiles of the paints could not be precisely defined as the presence
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Attachment forces

A

Asperity size

Figure 7.6: Schematic attachment forces generated by insects (both hairy and smooth pads) on surfaces pos-
sessing different asperity sizes. It can be divided into three categories: (1) smooth surfaces (0-50 nm asperity
size) where adhesion is dominated by smooth pads and hairs, whose adhesive secretion reduces friction forces
[32]; (2) nano/microrough substrates where attachment forces are minimised as they are too rough to allow
for pad compliance, and the asperities are too small for claw interlocking; (3) claws and spines clinging to
asperities dominate attachment on rough surfaces (asperity size > 3 pm), the adhesive secretion compensates
surface roughness by filling asperities. The approximate attachment force trend (green curve) is taken from the
centrifugal force data obtained with Gastrophysa viridula De Geer (Coleoptera, Chrysomelidae) in [23].

of large pigment agglomerates (Z-scale) at the surface of the coatings complicated roughness
measurements (by both profilometry and atomic force microscopy), rendering the lateral length
scale of asperities negligible. Further investigation of paints with surface roughness well defined
at every length scale would help to address this problem, as studied in e.g. [52]. In Chapter
5 however, when varying the pigment extender diameter, we could estimate the d5gy diameter
to be similar to the asperity size. In this case, the slipperiness to ants decreased on rougher
substrates, especially for asperity sizes larger than 5 pum, which corresponds to the claw tip

diameter of A. cephalotes workers.

Surface wettability

Investigating the influence of surface energy (or wettability) on insect attachment is complex
as insect pads may be specialised to natural surfaces, e.g. plants [53], which may lead to
inconsistencies when studying different types of substrates. For example, beetles were found

not to be affected by surface wettability on leaves [54], but generated larger attachment forces
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on high energy surfaces [26, 55, 56]. A comprehensive review of insect adhesion on substrates
with different surface energies is given in [53]. Overall, insects’ attachment abilities seem to be
mostly dominated by the substrate roughness rather than surface chemistry [55, 56].

As a rule of thumb, ants slipped more on paints with high water contact angles (Chapter
3). We hypothesise that this is mainly due to the fact that both the slipperiness and con-
tact angle increase with the PVC. Preliminary results from Dirks & Federle suggested that
smooth pads generate larger adhesive stresses on substrates exhibiting higher dispersive than
polar contribution [14]. Our data in Chapter 4 showed that paints with a greater disper-
sive contribution presented reduced slipperiness values. In Chapter 5, the surface wettability
did not significantly affect insect attachment, while surface roughness and porosity were the

predominant effects.

Surface porosity
Gorb et al. showed that porous Al,Os membranes can absorb the adhesive secretion of C.
septempunctata beetles [28]. Beetles generated lower attachment forces on membranes with
greater porosity [28].

As mentioned above when we discussed the effect of binder size, increasing the latex particle
size led to more porous paint films [29]. The higher the porosity, the more slippery the surface
(Chapter 5). We therefore hypothesise that our paints also absorb the adhesive fluid secreted
by A. cephalotes ants. Reduction of the fluid layer would decrease contact between insect pads
and the surface, thus favouring sliding from the substrate, as suggested by the fluid absorption
hypothesis [26, 28].

To conclude, coating formulators can play on surface parameters to reduce insect attachment
forces to substrates. Tuning the surface roughness and porosity seem to be more favourable than
the surface wettability as its impact on attachment is still unclear [54-56]. While measuring
the surface roughness is not a trivial [23], is it generally acknowledged to increase with the
paint PVC [29, 30, 57]. Micro-rough substrates (asperity size between 50 nm and 3 um) would
need to be produced. Alternatively, increasing the surface porosity suggested that the pores
absorb the ants’ adhesive fluid which helps them climb surfaces. However, doing so would lead

to potentially undesirable properties, such as enhanced water permeability.
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7.2.4 Future perspectives
We prepared model paints containing polymer binder (MMA/BA/AA), pigment (CaCO3 and/or
TiO,) stabilised by SDS and coalescing agent. We studied the impact of formulation and sur-
face parameters on ant slipperiness (Chapters 3 and 5) and particle detachment from the
coatings (Chapter 4). These paints present eco-friendly alternatives to insecticidal paints.
Chapters 3 and 5 showed that the following parameters could maximise the slipperiness
to Atta cephalotes ant workers:

e Having PVC > CPVC, ideally, PVC 70, which can be tuned with the following:
e Using ‘large’ acrylic binders (> 250 nm) in combination with 0.9 pm CaCOj particles.
e Using 10 um CaCOj particles in the presence of a ‘small’ 64 nm sized acrylic binder.

This work highlighted that slipperiness is a complex phenomenon, as the formulation and
surface parameters tend to interact with each other (Figure 7.7). Moreover, Chapter 4 un-
derlined that insect attachment is difficult to reproduce using synthetic adhesive pads made
of PDMS. One also needs to take into consideration that there is a delicate balance between
optimising slipperiness to ants and paint properties (e.g. scrub resistance, visual appearance,
water permeability, etc.) [49].

In this chapter, by using additional data not shown in Chapters 3-5, we offered useful
insight into optimisation of slipperiness to ants and we can provide the following formulation

guidelines:

e Using different extenders than CaCOg: especially, using 3.5 um talc at PVC 60 to obtain

similar slipperiness performances.
e Higher T;: no effect on slipperiness but leads to better scrub resistance.

e If cost-effective, employing polymer binders with other chemistries than MMA /BA/AA,
in particular latexes based on MMA/EHA /AA. Their use is possible at PVC 60.

This research evoked some interesting questions which remain open for further research.
At present, the model paints cannot be used in outdoor conditions as they do not contain

additives to make them resistant to weathering and rain. In particular, paints exposing many
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Figure 7.7: Schematic showing the interactions between studied parameters, underlying the complexity of ant
slipperiness in our model paints. The different colours indicate in which chapters the parameters influencing
ant attachment to paint surfaces were mainly investigated.

calcium carbonate particles at their surface could be problematic as the particles could react
with acid rains, which are present in regions where insect-slippery paints would present interest
(e.g. Southeast Asia) [58, 59]. However, one could use them as cheaper alternatives to slippery
Fluon aqueous dispersions, which are based on PTFE, in insect colonies to coat the walls
of nest containers [6]. Therefore, testing the paints in different humidity conditions should
be investigated, as Fluon (PTFE) is ineffective in moist conditions [60]. Interestingly, ants’
ability to collect loose glass and PTFE particles on their arolia is not affected by humidity [21].
Alternatively, they could be used indoors (e.g. hospitals or restaurants) to trap insects inside

buildings, removing the need to use insecticides.

The paints tested in this thesis are simple models prepared with the least number of ingre-
dients. These systems were nonetheless complex to study (Figure 7.7). Essential ingredients
needed for commercial paints are: thickeners, which lead to increased stability and less pigment
agglomeration; wetting agents to increase the wetting and coverage of a paint on a surface; de-

foamers to decrease foam formation during application; and paint tinters to add colour. An
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optimal dispersant would also reduce pigment aggregation [38, 61]. Eco-friendlier paints could
be made from bio-based polymers. They would need to display little adsorption to pigments
to ensure they detach to provide slipperiness to insects.

Testing these paints with other insect types is of major importance. Chapter 4 showed
that it is difficult to replicate smooth insect pads to perform JKR adhesion tests instead of
climbing experiments. A. cephalotes ants were chosen as model insects with relatively good
climbing abilities and it is assumed that most insects, regardless of their pad type, would
perform similarly to them [13, 34, 62].

To conclude, many questions remain unanswered around the formulation of insect-slippery
commercial paints. Further work would benefit from close collaboration between coating and

insect scientists.

7.3 Linseed oil-in-water emulsions sticky to insects (Frankliniella
occidentalis thrips)

Existing sprayable alternatives to insecticides and pesticides employed in agriculture are con-
ventionally based on petroleum-based emulsions [63]. Vegetable and botanical oil sprays are
being developed as they are based on a renewable feedstock and do not damage plants as much
as petroleum sprays [63-66]. However, volatile sprays require frequent applications [66]. We
therefore employed in Chapter 6 an alternative to pesticides based on adhesion by mimicking
glandular trichomes, which release toxic chemicals to insects and/or produce sticky threads to
immobilise insects at their surface [9, 67].

To this end, we produced emulsions of sprayable ‘sticky’ crosslinked linseed oil (L.LO) droplets
stabilised in water to immobilise thrips through permanent adhesion [68], similarly to flytraps.
Crosslinking is the result of the autoxidation of linoleic and linolenic acids present in LO by
means of oxidation in contact with oxygen, upon exposure to UV, upon heating or by adding
drying agents [69, 70]. Crosslinking is needed to ensure bead formation when emulsions are
sprayed on leaves, as non-crosslinked oil would lead to coalescence of oil droplets, resulting
in an oil film covering the surface [71]. Such strategy may for example reduce the rate of
photosynthesis, and LO’s unreacted acids may damage plants [63, 72].

We found in Chapter 6 that both the crosslinking and size of LO beads was crucial to

provide adhesiveness to insects once sprayed onto surfaces. Tailoring the size of the beads
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may provide selectivity towards immobilisation of insects. The major parameters affecting
crosslinking were the reaction time, the size of the primary oil droplets and the amount of
oxygen and catalyst. The next sections review how the efficiency of emulsion sprays was
optimised to produce tacky LO beads to Frankliniella occidentalis (Pergande; Thysanoptera:

Thripidae) thrips and how the emulsions can be further improved.

7.3.1 Importance of emulsifier
The choice of emulsifier (ionic or non-ionic) is of major importance as it determines the stability
of the emulsion, by causing either steric or electrostatic repulsion [71]. In this work, the
emulsifier should be biodegradable as it enters soil upon water rinsing after the emulsion is
sprayed on the plant. Cationic emulsifiers cannot be selected as they may be toxic to soils [73].

Four thermo-resistant biodegradable emulsifiers (three non-ionic, one anionic) were used to
prepare linseed oil-in-water emulsions. The concentrations of emulsifiers were carefully selected
to avoid macroscopic creaming of oil (oiling off) and were hence above their respective critical
micelle concentrations (CMC). This led to the production of small LO droplets (< 350 nm).

Small emulsified LO droplets may be subject to slower crosslinking as high emulsifier cov-
erage may reduce the diffusion of oxygen molecules in oil droplets and as larger droplets may
encounter oxygen more often [71]. LO droplets consequently crosslink at a slower rate than films
of LO as water reduces oxygen diffusion [74], films have been typically studied in the literature
to investigate the drying properties of LO [69, 75]. On the other hand, droplet coalescence is
faster in small droplets if they are not well stabilised by emulsifier [71].

Although the oil had been subjected to crosslinking treatments for 96 hours (48 hours at
65°C and 48 hours at room temperature), it was not sufficiently crosslinked to form spheres once
sprayed onto Chrysanthemum baltica (Asterales, Asteraceae) leaves. Once the emulsions are
sprayed onto leaves and emulsifier molecules are removed by rinsing, further coalescence occurs
if the oils are not sufficiently crosslinked as the viscosity of droplets remains low. We thus
observed a homogeneous, glossy film at the surface of the leaves after they were sprayed. The
films were however sufficient to reduce silver damage caused by F. occidentalis thrips compared
to leaves sprayed with water in leaf disc choice bioassays, as they were trapped at the surface

of the leaves.
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Further crosslinking would prevent the beads from coalescing on substrates. Using other
types of emulsifiers, such as reactive surfactants which crosslink with LO’s double-bonds and
anchors to the surface of oil droplets, may provide faster crosslinking and additional stabilisation
towards coalescence. In conclusion, the emulsifier should provide enough droplet stability to
prevent coalescence of the dispersed phase and should not be in excess to allow oxygen diffusion

into the particles to initiate the reactions in the droplets.

7.3.2 Importance of oil droplet size
As previously discussed, the rate of coalescence is reduced in large oil droplets with reduced
emulsifier coverage [71]. Consequently, this may allow for faster crosslinking. In addition,
tuning the droplet size, and hence the bead size once applied onto leaves, is important to target
one type of insect.

After choosing a single emulsifier to formulate emulsions (Emulsogen LCN 158), we generally
observed a decrease in beading time (tpeqq) for larger LO droplets. tpeqq is the time after which
sufficiently crosslinked droplets form spheres when applied on glass slides. The droplet size,
and hence tpeqq, could be modified by:

e Increasing the amount of oxygen at the air/liquid interface (by bubbling air through

emulsions, or by opening vials),

e Adding a drying agent (zinc naphthenate),

e By “pre-crosslinking” LO wvia the preparation of blown oil [76],

e Or by using mechanical agitation rather than shear provided by rotor-stator instruments

(Ultra-Turrax).

It is important to note, however, that the emulsions applied on glass produced both beads
and coalesced film (Chapter 6). This is due to the crosslinking of LO being incomplete, as
the low molecular weight crosslinked fractions provide stickiness.

Although we lack data on emulsions producing beads in leaf disc dual choice bioassays,
we interestingly found that our model PDMS-in-water emulsions (droplet size 14 pm) could
reduce leaf damage and were sticky to F. occidentalis thrips. Conversely, they did not impede

the locomotion of A. cephalotes ants on vertical sprayed glass substrates. Their adhesive pads
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(arolia) have evolved differently. F. occidentalis possess retractable bladder-shaped arolia of
ca. 27 pm in diameter [77], while A. cephalotes have an almost circular and smooth, inflatable
arolia. The width of the arolia of Oecophylla smaragdina (Fab., Hymenoptera, Formicidae)
ants varies between 160 and 280 pm, depending on the applied pressure [78].

These “crude” tests provide evidence that selectivity towards insects may be possible with
sprayable emulsions of tailored droplet size, as observed in stricky trichomes [67]. This is
important to allow e.g. pollinators to access plants, but not pests as they remain trapped at
the surface of plants. A simple strategy to maximise the oil droplet size is reducing the fraction
of LO in the presence of a minimum amount of emulsifier: with increasing inter-droplet distance,

coalescence between droplets would be reduced, and more oxygen would be available to droplets.

7.3.3 Future perspectives
Our proof of concept in Chapter 6 successfully showed that sticky coatings and spheres made
of crosslinked LO, formed after spraying an LO-in-water emulsion, can reduce damage to C.
baltica leaves by F. occidentalis thrips.

After selecting Emulsogen LCN 158 as an emulsifier, the challenging steps in formulation
were to obtain (1) sufficiently crosslinked linseed oil beads and (2) sufficiently large beads,
summarised in Figure 7.8. These were overcome by:

e Increasing the amount of oxygen,

e Increasing the reaction rate by adding a drying agent,

e By “pre-crosslinking” LO before incorporating it into emulsions,

e Or by using magnetic stirring to obtain coarser emulsions.

At present, once the emulsions are applied to substrates and the water evaporates, the
drying oil forms heterogeneous ensembles of tacky beads and coalesced film. The latter is due
to incomplete formation of crosslinks, but these fractions do however provide stickiness [69].
Their tackiness may actually decrease over time as they react with air and crosslink over long
periods of time [69]. We offer some simple potential solutions to improve the aspect of the

sprayed emulsions:
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e Further crosslinking which would prevent the beads from having enough flow to coalesce
on substrates. Long reaction times were sometimes needed to observe bead formation
(e.g. > 600 hours), which should be reduced. Alternatively, UV-treatment has not been

tested here and could be used to crosslink LO.

e Reducing the fraction of LO (we used ¢ ~ 0.099): less oil would increase the distance
between droplets, thereby limiting coalescence and increase the amount of oxygen for each

droplet.

e Using reactive emulsifiers which form crosslinks with L.O’s double-bonds and hence an-
chors to the surface of beads, providing further droplet stabilisation. These emulsifiers

would hence not be rinsible by water and should be biocompatible.

e Greimel et al. described a novel method to crosslink LO based on laccase-mediator
systems. Both the laccase and mediator can be bio-sourced and are thus good alternatives

to toxic common metal drying agents [79].

One should be certain that beads applied onto the plants’ surface, in addition to dead
insects, do not impede the plant’s photosynthesis, which would in turn affect its growth and

crop yield.

Reaction time
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Figure 7.8: Schematic showing the interactions between studied parameters in linseed oil-in-water emulsions to
produce sticky oil beads to F. occidentalis thrips.
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In addition to bead size, the slow release of attractants or deterrents to thrips by incorpo-

rating them in the oil phase could improve the insect selectivity. F. occidentalis are attracted

to many volatiles, e.g. geraniol or linalool, and are repelled by e.g. jasmonic acid derivatives

[80,

81]. Our strategy, although only a proof of concept at present, could become a sustainable

alternative to pesticides and petroleum-based sprays in agriculture with further research. Their

use in the control of thrips could be exploited in combined pest management strategies [80].
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Summary

In this thesis, we presented novel, eco-friendlier alternatives to insecticides inspired from plant
surfaces for use in buildings and agriculture, namely, paints slippery to Atta cephalotes ants

and spray emulsions that protect plants against Frankliniella occidentalis thrips.

In Chapter 2, we first reviewed the issues related to insect pests and to the use of pesticides
to control pest populations. Coatings where insect attachment is minimised is thought to be
a promising alternative to insecticides and insecticidal paints in the building industry. Under-
standing the locomotion behaviour of insects (both hairy and smooth pads) on both synthetic
and natural surfaces is of importance to formulate such coatings and was hence reviewed. We
then discussed some of the most promising state-of-the art coatings which could be used to this

end, such as the SLIPS or particle film technologies.

We presented in Chapter 3 the fabrication of model paints slippery to insects (A. cephalotes
ants). The paints’ slipperiness for A. cephalotes ants was evaluated in climbing tests on vertical
paint panels by recording the percentage of fallen ants. These paints only contained water, an
acrylic polymer binder, TiO,, CaCOg3 and a coalescent. The Pigment Volume Concentration >
Critical Pigment Volume Concentration (PVC > CPVC) condition was found to provide good
slipperiness to ants as pigment and extender particles detach from the coating to adhere to the
tacky attachment pads of insects due to lack of polymer binding the particles. Attachment was
minimised when using CaCOg3 rather than TiO, particles, likely owing to their larger size and

platelet shape.

In Chapter 4, we studied the particle detachment properties of the paints from Chapter 3.

To this end, we assessed the feasibility of JKR-type experiments by using polydimethylsiloxane



Summary

(PDMS) hemispheres to mimic ants’ smooth adhesive pads. We measured the adhesive stress
of PDMS after repeated pull-offs of paints on PDMS and the number of contaminating particles
present on PDMS resulting from the test. We found that the contamination level increased
with load and that even paints formulated at PVC < CPVC presented detachable particles for
high loads (> 40 mN). Although the results could not directly be compared to insect climbing
tests, this experiment opens the field for future research as an alternative to mechanical analysis
AFM for larger probes and could replace the hassle of performing climbing tests experiments.

Chapter 5 extends the work presented in Chapter 3. We studied the influence of the
polymer binder size and pigment extender (CaCOj) diameter. Large polymer binders (> 250
nm) reduce the coatings’” CPVC and lead to more porous coatings. Very slippery surfaces were
hence produced, due to a likely synergistic effect between particle detachment and ants’ adhesive
fluid absorption by the pores. Extender pigments sized between 1 ym and 10 pm impede the
insects’ self-cleaning mechanism and hence lead to more slippery surfaces in combination with
increased porosity and reduced surface roughness. In particular, the slipperiness continuously
decreased before the surface roughness average reached the threshold value of R, ~ 5 um,
corresponding to the claw tip diameter of A. cephalotes workers.

Chapter 6 describes the formulation of bio-degradable bio-compatible linseed oil-in-water
emulsion sprays for use in agriculture. Emphasis was given on the protection of crops against
F. occidentalis thrips by trapping thrips through adhesion at the surface of leaves. Sticky
coatings and crosslinked droplets successfully reduced the damage to Chrysanthemum baltica
leaves incurred by thrips. This work opens research for novel vegetable oil-based alternatives
to pesticides. Further work is needed to improve the appearance and size of the oil droplets
once sprayed.

Finally, the general discussion (Chapter 7) summarises our findings, preliminary studies
and outlines what further research can be done to improve the results discussed in the other
sections. Preliminary results discussed the impact on the slipperiness to A. cephalotes of
binders with varying glass transition temperature and chemistry; as well as pigment extenders
of different shapes and chemistries. Overall, the results discussed in this thesis and particularly
in Chapter 7 can be used as a guide to formulators seeking to produce paints slippery to

insects.
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