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Preface 

his dissertation is written in a cumulative style. A large part of the results of this doctoral 

thesis has been presented in four manuscripts (A, B, C and D), which can be found in 

Chapter 6. Manuscript A was published in March 2018 in the Royal Society Open Science 

Journal. Manuscript B was published online in December 2018 in the journal Philosophical 

Transactions of the Royal Society A. At the time of thesis submission, Manuscript C was in the 

submission process. Manuscript D is a ‘ready to submit’ draft on the last study (friction 

investigation) done in this thesis. 

This dissertation is written mainly in English, and an abstract in German and French along with 

a summary in French are supplemented. The structure of this dissertation is divided into six 

chapters. Chapter 1 contain a general introduction to the thesis topic, a state of the art, and a 

description of the objectives of this work. Chapter 2 describes the materials and methodology 

used in this work and adds some further information to the details of experiments, that are not 

included in the manuscripts. Chapter 3 presents results and discussion of the important results 

accomplished in this work. This is followed by a summary of insights gained and an outlook, 

in Chapter 4. Finally, a bibliography is presented in section 5 of the dissertation. An appendix 

is attached at the end of this thesis. 

This thesis was carried out as a part of a broad research theme “Soft Matter Science: Concepts 

for the Design of Functional Materials” of International Research Training Group (IRTG) and 

funded by the German Research Foundation (Deutsche Forschungsgemeinschaft, DFG). 
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Abstract 

dhesion and friction exist in many technical systems as well as in natural ones. Both 

phenomena have a profound influence on the durability and efficiency of technical 

systems, of particular note are micro-contact applications with high surface to volume ratio. A 

well-recognised approach to precisely tune these characteristics - besides altering the 

physicochemical properties - is the micro and/or nano-structuring of the interacting surfaces. 

Inspiringly, plant leaf surfaces are often decorated with diverse and species-specific surface 

morphologies, and so show remarkable surface functionalities: slipperiness, self-cleaning and 

anti-adhesive, just to name a few. However, these biological surface functionalities are driven 

by an interplay of surface structuring and chemistry, making it a highly intricate system to 

investigate with many unsolved questions. Altogether, this interdisciplinary work aimed to 

perform a systematic investigation of adhesion and friction mechanics on micro-structured 

surfaces directly replicated from the surface of plant leaves, in contact with a model adhesive 

system which is inspired from the adhesive pad (Arolium) of an insect. 

Three different model plant leaves and a technical surface, with variable size range 

(0.5 - 100 µm), shape and complexity (hierarchical levels) of their surface morphologies, were 

chosen in this work. Surface morphologies of the fresh leaves were directly transferred onto a 

soft viscoelastic polymer. For this, three different replication approaches were established and 

comprehensively investigated. Scanning electron microscopy was utilised to analyse the surface 

morphology of the leaves and to qualitatively compare the replication accuracy of the 

replication techniques. Furthermore, a quantitative evaluation of the replication quality was 

performed, by applying two model parameters (cross-covariance function ratio and relative 

topography difference) on the line profiles and the surface profiles recorded with confocal laser 

scanning microscopy. Both qualitative and quantitative investigations came out well in-line, 

confirming the precise replication ability of Epoxy-PDMS technique. 

For the contact mechanics investigation, a high-resolution (load or displacement control) 

nanoindenter was modified, with incorporating a unique feature to record the in-situ real-

contact images. A JKR (Johnson, Kendall and Roberts) contact mechanics based pull-off force 

test, at a low force range, was performed on the bio-replicated samples by forming contact 

against a model adhesive tip. A series of tests were carried out to quantitatively evaluate and 

thoroughly understand the effect of pre-load on adhesion force characteristics. A significant 

enhancement in adhesion force with increasing in pre-load was observed on Hevea replica (fine 

micro-structuring) and Litchi replica (complex hierarchical morphology), unlike the other two 

A    
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surfaces: no specific influence was noted on smooth PDMS and Ludisia replica (coarse conical 

shape patterns). An overall comparison between the surfaces clearly demonstrated significant 

differences in the resulting adhesion force, discussed according to each surfaces topographic 

profile. Furthermore, results from real-time synchronization of the exact real contact image with 

corresponding force value pointed out distinct attachment-detachment modes, based on 

different pre-load conditions and distinct surface topographies. 

Next study was achieved to investigate the friction mechanism on all four substrates that were 

utilised in the preceding study of adhesion mechanics. Friction tests were carried out in the 

unidirectional sliding configuration (with the same nanoindenter apparatus used in previous 

section), to examine the effect of normal load and sliding speed on the friction characteristics. 

All surfaces showed a decrease in friction coefficient with increasing the normal load, however, 

each surface exhibited distinct decreasing behaviours. Examination of synchronized in-situ 

videos revealed the different real contact evolution behaviours and the distinct sliding 

mechanisms, arising from surface-specific topographies. A clear dependency of the friction 

response on sliding speed was recorded for all surfaces, attributed to the rate-dependent 

viscoelastic behaviour of PDMS. Accordingly, the friction behaviour was correlated and 

analysed with the PDMS loss factor in the same frequency range. The overall comparison 

manifests, the Ludisia and Litchi replicas significantly lowered the friction coefficient as 

compared to the smooth PDMS and Hevea replica. 

The replication technique advancement achieved in this work may represent an effective 

alternative for future bio-replication studies. In addition, insights and concepts gained from this 

study may provide valuable assistance for designing the bio-inspired functional surfaces, 

particularly to fine tune the adhesive and frictional characteristics of smart surfaces. 
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Kurzzusammenfassung 

dhäsion und Reibung kommen sowohl in vielen technischen als auch natürlichen 

Systemen vor. Beide Phänomene haben einen großen Einfluss auf die Haltbarkeit und 

Effizienz technischer Systeme, insbesondere bei Mikrokontakt-Anwendungen mit hohem 

Oberflächen-Volumen-Verhältnis. Ein anerkannter Ansatz zur präzisen Abstimmung dieser 

Eigenschaften ist - neben der Veränderung der physikalisch-chemischen Eigenschaften - die 

Mikro- und/oder Nanostrukturierung der interagierenden Oberflächen. Die Oberflächen 

pflanzlicher Blätter besitzen oftmals eine Vielzahl artspezifischer Morphologien, die 

bemerkenswerte Eigenschaften aufweisen und als Inspirationsquellen dienen können: 

Rutschfestigkeit, Selbstreinigung und Antihaftwirkung sind nur einige Beispiele. Diese 

biologischen Oberflächeneigenschaften basieren auf dem komplexen Zusammenspiel von 

Oberflächenstrukturierungen und chemischen Eigenschaften wodurch sich ein sehr komplexes 

System ergibt, bei welchem es noch viele ungelöste Fragen zu erforschen gibt. Die vorliegende 

interdisziplinäre Arbeit zielte darauf ab, eine systematische Untersuchung der Adhäsions- und 

Reibungsmechanik auf mikrostrukturierten Oberflächen, direkt repliziert von der Oberfläche 

von Pflanzenblättern, durchzuführen. Hierfür wurde ein Modell-Haftsystem, welches den 

Haftpolstern (Arolien) von Insekten nachempfunden wurde, entwickelt. 

Blattoberflächen dreier verschiedener Pflanzenarten sowie eine technische Oberfläche, deren 

Oberflächen-Morphologien in Bezug auf Größe (0,5 - 100 µm), Form und Komplexität 

(hierarchische Ebenen) variierten, wurden für diese Arbeit ausgewählt. Frisches Blattmaterial 

diente als Vorlage zur direkten Übertragung der Oberflächen-Morphologien auf ein weiches, 

viskoelastisches Polymer. Hierfür wurden drei unterschiedliche Replikationsansätze etabliert 

und umfassend untersucht. Darüber hinaus wurden rasterelektronenmikroskopische 

Untersuchungen durchgeführt, um die Oberflächenmorphologie der Blätter zu analysieren und 

die Genauigkeit der drei Replikationstechniken qualitativ zu vergleichen. Eine quantitative 

Bewertung der Replikationsqualität wurde ebenfalls durchgeführt, indem zwei 

Modellparameter (das Kreuzkovarianzfunktionsverhältnis und die relative 

Topographiedifferenz) auf die Linienprofile und die mit der konfokalen Laserscanning-

Mikroskopie aufgenommenen Oberflächenprofile angewandt wurden. Sowohl die qualitativen 

als auch quantitativen Untersuchungen haben sich in der Praxis bewährt und bestätigen die 

hochpräzise Replikationsfähigkeit der Epoxy-PDMS-Technik. 

Für die kontaktmechanischen Analysen wurde ein hochauflösender Nanoindenter (Last- oder 

Auslenkungskontrolle) mit einer einzigartigen Funktion ausgestattet, die eine in-situ 

A    
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Aufzeichnung der realen Kontaktflächen ermöglicht. Haftkraftmessungen (Abzugsversuche) 

auf Basis der JKR (Johnson, Kendall und Roberts) Kontaktmechanik wurden für einen 

niedrigen Kraftbereich an Replikaten biologischer Proben durchgeführt, nachdem Kontakt zum 

Modellhaftsystem hergestellt worden war. In weiteren Untersuchungen wurde der Einfluss der 

Vorspannung auf die Eigenschaften der Haftkraft quantitativ nachvollzogen und bewertet. Eine 

signifikante Verbesserung der Haftkraft mit zunehmender Vorspannung wurde bei Hevea- 

(feine Mikrostrukturierung) und Litchi-Replikaten (komplexe, hierarchische Morphologie) 

beobachtet, wohingegen auf den übrigen Oberflächen, glattes PDMS und Ludisia-Replikate 

(grobe konische Formmuster), kein spezifischer Einfluss festgestellt werden konnte. Im 

Gesamtvergleich zeigten alle vier Oberflächen signifikante Unterschiede in ihren Haftkräften, 

die den jeweiligen Oberflächenprofilen zugeordnet werden konnten. Darüber hinaus zeigten die 

Ergebnisse der Echtzeit-Synchronisation des realen (in-situ) Kontaktbildes mit den 

korrespondierenden Kraftwerten eindeutige Anhaftungs- und Ablösungsmodi auf, die auf 

unterschiedlichen Vorspannbedingungen und Oberflächentopographien basierten. 

In einer weiterführenden Studie wurde der Reibungsmechanismus auf allen vier Substraten, die 

in der vorangegangenen Studie zur Adhäsionsmechanik verwendet worden waren, untersucht. 

Mit demselben Nanoindenter, der bereits in der vorherigen Studie verwendet worden war, 

wurden unidirektionale Reibungstests in der Gleitkonfiguration durchgeführt, um den Einfluss 

der Normallast und der Gleitgeschwindigkeit auf die Reibungseigenschaften zu untersuchen. 

Alle Oberflächen zeigten eine Abnahme des Reibungskoeffizienten mit zunehmender 

Normallast, wobei die tatsächliche Abnahme von Oberfläche zu Oberfläche verschieden war. 

Die Auswertung des synchronen in-situ Videomaterials zeigte verschiedenartige 

Entwicklungen der realen Kontaktfläche und der Gleitdynamik unter Scherung, die sich aus 

oberflächenspezifischen Topographien ergaben. Auf allen Oberflächen konnte eine eindeutige, 

schrittweise Abhängigkeit zwischen der Gleitgeschwindigkeit und dem Reibungsverhalten 

festgestellt werden, die auf das ratenabhängige viskoelastische Verhalten von PDMS 

zurückzuführen ist. Dementsprechend wurde das Reibungsverhalten mit dem PDMS-

Verlustfaktor des gleichen Frequenzbereichs korreliert und analysiert. Ein Gesamtvergleich 

zeigte, dass Ludisia-und Litchi-Replikate deutlich niedrigere Reibungskoeffizienten im 

Vergleich zu denen des glatten PDMS und der Hevea-Replikate besitzen. 

Die in dieser Arbeit erzielte Weiterentwicklung der Replikationstechnik kann eine effektive 

Alternative für zukünftige Bio-Replikationsstudien darstellen. Darüber hinaus können die 

Erkenntnisse und Konzepte aus dieser Studie ein wertvolles Hilfsmittel bei der Gestaltung bio-

inspirierter, funktionalisierter Oberflächen, sowie bei der präzisen Einstellung der Adhäsions- 

und Reibungseigenschaften zahlreicher „intelligenter“ Oberflächenanwendungen sein. 
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Résumé 

’adhérence et le frottement existent dans de nombreux systèmes techniques ainsi que dans 

les systèmes naturels. Ces deux phénomènes ont une influence profonde sur la durabilité 

et l’efficacité des dispositifs techniques, en particulier concernant les applications de micro-

contacts avec un rapport surface/volume élevé. Une approche reconnue pour ajuster 

précisément ces caractéristiques - outre le fait de modifier les propriétés physico-chimiques - 

est la micro et/ou la nanostructuration des surfaces en contact. Les surfaces des feuilles de 

plantes sont souvent décorées avec des morphologies de surface diverses et spécifiques à 

chaque espèce, et présentent ainsi des fonctionnalités de surface remarquables : glissantes, 

autonettoyantes et anti-adhésives, pour n’en citer que quelques-unes. Cependant, ces 

fonctionnalités biologiques peuvent résulter d’un couplage entre la structuration et la chimie de 

la surface, ce qui en fait la plupart du temps un système très complexe à étudier. Ce travail 

interdisciplinaire visait à réaliser une étude systématique de la mécanique de l’adhérence et du 

frottement sur des surfaces microstructurées, directement répliquées à partir de surfaces de 

feuilles végétales, en contact avec une sonde adhésive modèle qui s’inspire de l’organe adhérent 

(Arolium) d’un insecte. 

Trois feuilles de plantes modèles et une surface technique, de morphologies de surface de taille 

variable (0,5 - 100 µm), de forme et de complexité (niveaux hiérarchiques) différentes, ont été 

choisies dans ce travail. Les morphologies de surface des feuilles fraîches ont été directement 

transférées sur un élastomère viscoélastique. Pour ce faire, trois différentes approches de 

reproduction ont été utilisées et ont fait l’objet d’une étude approfondie. La microscopie 

électronique à balayage a été mise en œuvre afin d’analyser la morphologie de surface des 

feuilles et de comparer qualitativement la précision de reproduction des trois techniques. Une 

évaluation quantitative de la qualité de reproduction a également été réalisée, via l’estimation 

de deux paramètres topographiques (rapport de covariance croisée et différence topographique 

relative) appliqués à des profils et surfaces issus de microscopie confocale à balayage laser. Les 

résultats cohérents des études qualitatives et quantitatives ont confirmé la précision de la 

technique de reproduction Epoxy-PDMS. 

Concernant l’étude de la mécanique des contacts, un nano-indenteur (pilotage en force ou en 

déplacement) a été modifié, permettant d’enregistrer les images in situ des contacts réels. Un 

test de décollement du contact (de type JKR - Johnson, Kendall et Roberts -) entre une sonde 

modèle et les surfaces étudiées a été mis en œuvre à faible charge sur les échantillons bio-

répliqués. Une série d’essais a été menée afin d’évaluer quantitativement l’effet de la précharge 

L    
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sur la force d’adhérence. Une augmentation significative de cette dernière avec l’augmentation 

de la pré-charge a été observée sur la réplique d’Hévéa (micro-structuration fine) et de Litchi 

(morphologie hiérarchique complexe), contrairement aux deux autres surfaces : aucune 

influence spécifique n’a été notée sur le PDMS lisse et la réplique de Ludisia (formes grossières 

et coniques). La comparaison entre les surfaces a clairement démontré des différences 

significatives dans la force d’adhérence résultante, discutées en fonction de chaque profil 

topographique. De plus, la synchronisation des images in-situ du contact réel avec le signal de 

force a mis en évidence des modes de collage/décollement distincts en fonction des conditions 

de pré-charge et des topographies de surface différentes. 

L’étude suivante a été consacrée au frottement sur les quatre substrats utilisés dans l’étude 

d’adhérence. Des essais de frottement ont été effectués dans la configuration de glissement 

unidirectionnel (avec le même appareil nano-indenteur utilisé dans la partie précédente) afin 

d’examiner l’effet de la charge normale et de la vitesse de glissement sur les caractéristiques de 

frottement. Toutes les surfaces présentaient une diminution du coefficient de frottement avec 

l’augmentation de la charge normale, mais les surfaces présentaient des comportements 

distincts. L’examen des vidéos synchronisées in-situ a révélé les différents comportements 

d’évolution du contact réel et du mécanisme de glissement vis à vis des topographies 

spécifiques de surface. Une nette dépendance de la réponse au frottement à la vitesse de 

glissement a été enregistrée pour toutes les surfaces et attribuée au comportement viscoélastique 

du PDMS. Les comportements de frottement ont été ainsi corrélés et analysés à l’aide du facteur 

de perte du PDMS dans la gamme de fréquences considérée. La comparaison globale montre 

que les répliques de Ludisia et de Litchi ont considérablement réduit le coefficient de frottement 

par rapport à celui des répliques de PDMS lisse et d’Hévéa. 

Les avancées obtenues dans le cadre de ces travaux en termes de technique de reproduction 

pourraient présenter un intérêt certain pour de futures études sur la bio-reproduction. De plus, 

les enseignements et les concepts issus de cette étude peuvent fournir une aide précieuse pour 

la conception des surfaces fonctionnelles bio-inspirées, notamment pour ajuster précisément les 

caractéristiques adhésives et de frottement de surfaces intelligentes.
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1 Introduction 

1.1 Insect-plant interactions 

Contact mechanics of insect-plant interactions is mutually influenced by both sides which 

involves, on one side insect attachment organs, and on other side plant surfaces [1, 2]. Both 

counterparts comprise highly diversified chemical and physical properties, including complex 

geometries [3–5]. Following sections shed some light on both sides in turn. 

1.1.1 Plant surfaces 

Structural diversity of plant leaf surfaces: Approximately more than 400 million years of land 

plants evolution led to a vast diversity of structures on plant surfaces [4]. The plant surfaces are 

organized with a large variety of surface structuring, over a wide size range (from nano- to 

macro-scale), with distinct morphologies, and including several hierarchical levels [4, 6, 7]. 

Since the recent development of the electron microscopy technique, diverse morphologies of 

plant leaf surfaces has been classified and studied by researchers. Notable work on developing 

a detailed SEM micrographs database of plant surfaces was done by Barthlott and co-workers 

at the university of Bonn, Germany [8–10].  

 

 

Figure 1.1 Simplified schematic representing a general construction of the outermost layers of the plant 
epidermis cells and their major components. Modified after [4]. 
 

The great structural diversity of plant leaf surfaces arises from the cell shapes, cell surface 

structures, and by the formation of multi-cellular structures [4]. The epidermis is the outermost 

cell layer of the primary tissues of all plants leaves. A basic and simplified structuring model 
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of a epidermal cell is presented in Figure 1.1. The cuticle, a thin extracellular membrane, is the 

outmost layer at the outside of an epidermal cell, which consists of cutin, polysaccharides and 

intracuticular wax, and superimposed with epicuticular waxes [4]. In general, epidermal cell 

creates micro-scale surface morphologies, which can be classified in three different categories 

on the basis of the cell curvatures as described in detail by Koch et al. [4]: tabular (flat cells), 

concave (inside arced) and convex (outside arced). The convex cell is the most common cell 

type, which are found on leaves, flower-leaves and stems [11]. Epidermal cells are also 

decorated with different types of surface structuring. Most fine surface structuring within a 

single epidermis cell can lie in the range of less than one micrometre to several micrometres. 

Koch et al. [4] describes these cells surface structuring, on the basis of different sources of their 

development, in four different categories as schematically reported in Figure 1.2. Normally, 

cuticular folds are frequently found on flower petal surfaces [4]. 

 

 

Figure 1.2 Simplified model of epidermis cell cross sections representing different bases leading to 
patterning of plant leaf surfaces. (a) The surface patterns are induced due to coves of the underlying cell 
wall, (b) due to insertion of sub-cuticular minerals, (c) by folding of the cuticle and (d) by epicuticular 
waxes , positioned on top of the cuticle. CM = cuticular membrane, P = pectin, PM = plasma membrane. 
Modified after [4]. 
 

Multifunctional surfaces of plant leaves: The diverse surface structuring and the surface 

chemistry of plant leaves give rise to a variety of remarkable and inspiring functionalities, 

which have attracted a great attention, not only in biology but also in other disciplines, leading 

to get inspired, investigate and thus implement in bio-mimetic surface applications[11–13]. The 

plant cuticle provides various functional properties to plant leaves, as illustrated in Figure 1.3, 

and reviewed in-detail by Koch et al. [7, 11]. For instance, the slippery surface in some 

carnivorous plants (e.g. Nepenthes alata Blanco) for insect catching is caused by hierarchical 
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surface structuring and anti-adhesive properties against insects attachment of the rubber tree 

(Hevea brasiliensis) leaves result from their fine micro-structuring [14–16]. The well-known 

self-cleaning ability of the leaves of sacred lotus (Nelumbo nucifera) arise from the remarkable 

de-wetting ability due to the complex hierarchical surface structuring [17, 18]. The air retention 

ability of the floating fern Salvinia molesta is caused by the unique hairy surface morphologies 

(the Salvinia effect) [19, 20]. On flower leaves, the surface micro-structures (cuticular folding) 

assumed to be creating a prejudicial favourable path for insect pollinators to walk [4]. However, 

the relationship between structures and functionalities is not straight forward, as almost all these 

surface functionalities are driven by a complex interplay of heterogeneous material 

composition, surface chemistry and diverse surface structuring, and lead to a highly 

sophisticated system to investigate [11, 21, 22]. 

 

 
Figure 1.3 Schematic review of the most prominent functions of the plant boundary layer on a 
hydrophobic micro-structured surface. (a) Transport barrier: limitation of uncontrolled water loss from 
interior, (b) surface wettability and self-cleaning, (c) anti-adhesive, reduction of contamination pathogen 
attack and controlling of insect attachment/locomotion, (d) optical properties: protection against harmful 
radiation, (e) mechanical properties: resistance against mechanical stress and physiological integrity 
maintenance, and (f) signalling: cues for host–pathogen/ insect recognition and epidermal cell 
development. Modified after [11]. 

1.1.2 Insect’s adhesive pads 

Like plant surfaces, insects have also evolved with having a vast kind of attachment structures. 

Attachment systems of insects facilitate climbing on, sticking to, running on or walking over 

different surfaces (e.g. on plant leaves or flowers) [23]. Interestingly, attachment systems 

developed in such a way, so that they provide a strong attachment to avoid falling and at the 

same time they enable easy detachment to able the insects to move [3, 24]. 
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Figure 1.4 SEM images exhibiting adhesive pad morphology of (a) a male dock beetle (Gastrophysa 

viridula) and (c) an Indian stick insect (Carausius morosus). Simplified sketches of the close contact 
formation by the hairy (b) and smooth pads (d) to a non-smooth substrate. Modified after [25, 26]. 

 

In a broad classification, adhesive systems of insects can be divided into two principle types: 

“smooth” and “hairy” (fibrillar) pads [25, 27–29]. In the present research project, we took 

inspiration from smooth adhesive pad as a model attachment system. The surface of these 

adhesive pads appears smooth under a microscope, containing a soft (‘‘pillow-like’’) and 

specialized adhesive cuticle which can accommodate surface irregularities, as schematically 

shown in Figure 1.4 [30, 31].  The main mechanical characteristic of smooth attachment pads 

are the deformability and the softness of the pad material having viscoelastic properties [3, 28, 

32, 33].   

1.2 The state-of-the-art: replication techniques 

In the past recent decades, bio-replication techniques have drawn an increasing interest from 

biologist as well as from the technical industry. Techniques to develop bio-replicas include 

atomic layer deposition, imprint lithography and replica moulding, physical vapour deposition 

methods, and sol–gel technique [34]. However, replica moulding is relatively advantageous as 

compared to other bio-replication techniques, on account of its easy, straight-forward and 

inexpensive procedure. It also allows direct utilisation of an original plant leaf as a master 

sample [34]. In general, the replica moulding is performed by filling a liquid polymeric material 
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onto a plant leaf (bio-template) master to generate a negative mould. Afterwards, this negative 

mould is used to transfer the surface structure onto a second material (positive replica) [21, 35–

45]. The replication accuracy and quality largely depend on the choice of materials used for the 

negative mould and the positive replicas, respectively. 

Back in 1987, Williams et al. [44]  introduced a replication technique using a dental impression 

material (polyvinyl siloxane) to develop the negative mould and an epoxy resin for the positive 

replica. Later, this (PVS-epoxy) technique has been extensively investigated by several other 

researchers [21, 35, 39]. In this technique, a fresh leaf was covered with the PVS mixture and 

then manually pressed down with a flat slide. Fast curing at room temperature (approximately 

2-5 minutes) of PVS and low adherence to leaf samples is useful to prevent artefacts [35]. 

However, quick polymerization of PVS could cause air to get trapped inside the micro-structure 

cavities, at the interface of mixture and leaf surface [35]. Recently various studies have utilised 

polydimethylsiloxane (PDMS) mixture to produce both negative mould and positive replicas 

(PDMS- PDMS) [37, 38, 41, 46, 47]. Here, in order to develop a negative mould, the fresh leaf 

sample was filled up with PDMS mixture and cured at high temperature (80-90°C) [37, 38]. 

The treatment of plant leaves with high temperatures is likely to facilitate shrinkage or collapse 

of surface topographies, due to evaporation of water from the cells during the process [48]. 

Furthermore, PDMS-PDMS technique also involves an additional intermediate step of an anti-

stiction treatment on the negative mould by organosilane monolayer deposition, allowing for 

easy demoulding [37, 41, 46, 47].  For performing the organosilane monolayer deposition, the 

PDMS moulds need additionally to be treated under plasma, which can cause surface damage 

or instability [49]. Furthermore, during silane vapour deposition, aggregations of silane 

molecules can induce surface roughness [46, 50]. In general, an anti-stiction surface treatment 

degrades with time and replication cycles (production of three or four positive replicas) [47]. 

In another replication approach, positive replicas were developed on PMMA polymer from 

PDMS negative mould [40]. In this approach, plant leaves were also exposed to high 

temperature during the development of negative mould. Few other replication techniques 

comprise of the negative mould development on nickel template using sputtering and 

electroforming, and then the structures from the negative mould were further transferred to 

acrylonitrile–butadiene–styrene copolymer or to a UV-curable photopolymer [51, 52]. In these 

methods, the substrate surface was first metallized with gold sputtering and patterned by nickel 

electroforming [51]. The substrate needs to be exposed under vacuum for the gold sputter 

coating, which might induce cell shrinkage artefacts (surface distortion) [48, 53]. Altogether, 

each replication technique has its own advantage- disadvantages, and limitations according to 
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the specific application of the final replicas. However, a versatile replication technique would 

be one with the ability to replicate complex three-dimensional hierarchical structures, having 

high reproduction and precession, using simple and straightforward protocol, limiting 

intermediate treatments, and able to produce multiple replicas from a same negative mould. 

1.3 Contact mechanics 

Contact mechanics refers to the study when two bodies (or media) are brought into contact [54, 

55]. When dealing with the insect-plant interactions, their contact could be better addressed 

thanks to contact mechanics involving two bodies: attachment system of insects and plant 

surfaces [1, 2]. In this contacting system, the contact mechanism is mutually determined by 

both sides material characteristics, chemical property, and surface structuring. It is important to 

bear in mind that the real situation of insect-plant interaction is further more complex [1]. 

Nevertheless, to make a meaningful and systematic study, one could consider to simplify this 

complex system by limiting or generalizing some parameters [21, 22, 56]. In the scope of this 

work, we emphasized two major issues of contact mechanics: adhesion and sliding friction, are 

introduced with related fundamentals in next sections.  

1.3.1 Adhesion mechanics 

Adhesion is the action or process of attraction between two free surfaces when they are brought 

into contact. In contrast, cohesion indicates the strength of like molecules to stick to each other 

within one material. The most common model system, when studying contact mechanics, can 

be conceptualised as a contact interaction of two spherical bodies, as illustrated with the 

simplified presentation in Figure 1.5. Three main theories of contact mechanics, Hertz, JKR 

and DMT with their stress distribution profiles, are presented in this section and for a convenient 

comparison, are schematically illustrated in Figure 1.6. The two latter involve adhesion 

phenomenon.   
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Figure 1.5 Schematic sketch of a model contact between two spheres of radii R1 and R2 are compressed 
together by the application of an external force P. 2a is the diameter of the resulting contact area and δ 

is the indentation depth. 

 

Hertz theory: The very first work in the field of contact interaction of two bodies is credited to 

Heinrich Hertz [54, 57]. Back in 1882, Hertz studied, as a part of this graduate research, the 

contact interference patterns of a contact formed between two glass lenses, when pressed 

together. He gave a theory to quantitatively determine the radius (a) of contact caused by the 

externally applied normal load P, as described by equation 1: 

a =    3PR
4 E∗ #$/%

 (1) 

 

where, R is the effective radius of curvature, calculated with equation 2, and E* is the combine 

elastic modulus and can be estimated with equation 3. 

1 
R =  1

R$ +  1
R& (2) 

 

1
E∗ =  '1 −  ѵ$& 

E$ +  
1 −  ѵ&& 

E& * (3) 
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where, E$, ѵ$ and E&, ѵ& are Young’s modulus and Poisson’s ratio of contacting body 1st and 

2nd, respectively. One need to cautiously note that, the Hertz’s model is well applicable only for 

linear elastic and isotropic materials. This model assumed the radius of contact is considerably 

smaller as compared to the sphere radius and completely neglected the surface interactions such 

as contact adhesive forces (adhesion) [57–60]. So, as per this model, the interactions between 

surfaces can act only within the contact area. The contact restores back to zero contact area, as 

soon as the externally applied normal load is removed (Figure 1.6.a). 

 

  
Figure 1.6 Schematics illustrating three main adhesion mechanics theories (Hertz, JKR and DMT) given 
for two spherical bodies in contact with their stress profiles under compressive load and key features.  
Adapted from [54, 61]. 

  

The JKR theory: To overcome limitations of Hertz’s theory, in 1971, Johnson, Kendall and 

Roberts demonstrated a new model that considers the effect of adhesive forces in between two 

elastic spheres when brought in contact [58]. As of now, this is of the most popular adhesion 

mechanics theory for soft elastic contact, and known as ‘the JKR theory’. Actually, Johnson et 

al. motivated their model by their experimental observations demonstrating a significantly 

larger contact area to that of measured from Hertz’s theory [58]. They witnessed a finite area 
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of contact at the zero load condition during the unloading cycle (Figure 1.6.b). The JKR theory 

was obtained by correlating the area of contact to the elastic energy, mechanical potential 

energy and interfacial interaction strength (surface energy) [58]. Accordingly, JKR theory 

predicts the radius (a) of contact under an applied normal condition, as given by: 

a =  R
K ,P + 3πWR +  .6πWRP +  (3πWR)& 5#$/%  (4) 

  

where, K can be estimated with 47∗ 3⁄ , and W accounts to the work of adhesion and can be 

related to Dupré’s energy equation given below:  

W =  γ$ + γ&  −  γ$& (5) 

 

γ$ and γ& are the surface energy of interacting bodies (1st and 2nd respectively) and :$& is the 

interfacial energy. Considering the JKR theory characteristics, a minimum negative (tensile) 

force is needed to separate the surface below zero load during the unloading cycle. This force 

is defined as the critical load or pull-off force (JKR), and is given by: 

P;<<(>?@)  =  − 32 πWR (6) 

 

Furthermore, by utilising the equation 4, one can estimate the value for the contact radius (BC) 

at zero external load condition (P = 0).  

BC =  D6πWR&
K F

$/%
 (7) 

 

Interesting to note here that, by neglecting the adhesive interactions (W = 0) between two 

bodies, the solution of JKR theory precisely matches with the Hertz’s theory results. The JKR 

theory works well with soft materials, large objects and for high attractive interactions, and it 

has been well established by many experimental research [59, 60, 62–65]. 

 

The DMT theory: Shortly after, in 1975, Derjaguin, Muller and Toporov presented a 

complementary theory (DMT) assuming the contact stress profile same as in Hertzian 
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configuration, but including the van der Waals attraction outside the elastic contact region 

(Figure 1.6.c) [66]. DMT theory leads to the following equations for the radius of contact (a):   

a =   R
K (P + 2πWR)#$/%

 (8) 

 

and the pull-off force can be estimated with: 

P;<<(HIJ)  = −2πWR (9) 

 

Tabor’s parameter: The question of applicability of JKR and DMT theories was open for a 

while in the contact mechanics community. Actually, there has been a heated contradiction 

where to use JKR model or DMT model, as both theories are valid, but for two opposite ends 

of adhesive contact [60, 67]. Therefore, to discriminate a JKR contact or a DMT one, Tabor 

[68] proposed a dimensionless physical parameter, popularly known as Tabor’s parameter (µJ), 

and given in Equation 10:  

µJ = D RW&
E∗&ZC%

F
$ %⁄

  (10) 

 

here, Z0 is the equilibrium separation of the surfaces in the Lennard-Jones potential and usually 

comes in between 0.3 and 0.5 nm [62, 69]. Moreover, in physical understanding, µM could be 

relate to the ratio of normal elastic deformation (due to adhesion without of external normal 

load) to the spatial range to the adhesion forces themselves [60]. For the appropriate application 

the JKR or DMT model, the usual transition appears in between 0.1 and 5 value of µJ. If µJ is 

larger than 5 then the JKR model can utilised and for the µJ value less than 0.1 then the contact 

system well described using DMT theory [68, 69]. The DMT theory is well applicable for hard 

solids with week attractive interactions, whereas the JKR theory decently agrees for soft 

materials with strong adhesive forces [60, 67]. Later on, Maugis [67] introduced a composite 

model (known as The Maugis-Dugdale model), nicely establishing a continuous transition 

between the JKR and DMT limits for the entire range of materials with a transition parameter 

(λ), which is similar to the Tabor’s parameter (µJ) [60]. 
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Figure 1.7 The transition between the DMT theory and the JKR theory (indicated by the solid line). R, 
µ and E* are reduced contact radius, effective modulus and the Tabor’s parameter, respectively. The two 

ellipses represent roughly the range of parameters in natural attachment devices and the range accessible 
by artificial attachment systems [70]. 

 

In the context of contact mechanics of biological attachment systems, it is worthwhile to 

mention a comprehensive work by Spolenak et al. demonstrating that the most natural 

attachment system can be well treated within the framework of the Johnson- Kendall- Roberts 

(JKR) theory [70]. They evaluated the Tabor’s parameter based on contact radius and reduced 

modulus of natural attachment devices and delineate the transition region between the two 

theories (JKR and DMT), as shown in Figure 1.7. 

1.3.2 Friction mechanics  

Friction describes the force resisting the relative motion of two bodies when sliding against 

each other. Friction is a crucial aspect right from the design stage of every engineering system 

involving contacting surfaces [71, 72]. Two forms of friction processes are usually described: 

the static friction is the force at the onset of sliding and kinetic (or sliding) friction is defined as 

the force required to keep the contacting bodies in motion. Usually, static friction is greater than 

the kinetic friction [71]. Classically, the friction phenomenon during sliding could be 

formulated in three laws, are as follows. The first law of friction was given by Amontons in 
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1699, which states that the frictional force (FO) between two macroscopic bodies is proportional 

to the applied load (FQ) [73]. This can be expressed with the simple equation 11. 

FO = µ FQ (11) 

 

where the proportionality coefficient ‘µ’ is called the coefficient of friction. Amontons’ second 

friction law holds that the friction force between two bodies is independent of the macroscopic 

(apparent) contact area. However, in later years, it was realized that the macroscopic contact 

(or apparent contact; ATU) is most of the time rough and thus comprises of a large number of 

small real contact asperities (AV) with various geometries [71, 74, 75]. The total real contact 

area (AX = ∑ AV) comes out smaller than macroscopic contact [75, 76]. Finally, the third law of 

friction was proposed by Coulomb (1736-1806), which says that the kinetic friction force is 

independent of the sliding speed [71]. These friction laws do not always hold adequately true, 

especially when dealing with small scale friction, lubricated contact or the sliding interaction 

of polymeric materials (or at least one of the contacting body is a polymer), which has 

significantly different features than that of typical engineering materials (wood and metals for 

example): visco-elasticity and adhesion may be involved [72, 77–79]. 

Broadly mentioning, mechanism of friction force generation is so complex, that it is still not 

fully understood, though several competing theories came out over the years. Back in around 

1930s, Bowden and Tabor, for the first time, pointed out the adhesive force contribution to 

friction, and proposed an analytical model to describe the connection of adhesion forces with 

friction forces [71, 75, 80]. Their model associated the adhesive force required to shear real 

contacting junctions under elastic and plastic deformations [75]. Later on in 1963, the 

pioneering work of KA. Grosch on polymer materials (rubber), demonstrated that the 

description of total friction response could be determined as a contribution of two distinct 

mechanisms (Equation 12): the adhesion component and the deformation component, as 

illustrated in Figure 1.8.   

FO = FT[\ + F[]< (FU^T_O; F`V_b;) (12) 

 

where, FT[\ is the adhesive component of friction and F[]< is the viscoelastic contribution to 

friction [81–83]. Another contribution to friction force is given by Bowden and Tabor [84], 

which described as the ploughing term (one can also consider it under deformation as the plastic 

component, FU^T_O), and it accounts the contribution from ploughing of a hard body (asperities) 
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through a softer surface (contact of rigid body against soft polymer). It originates due to the 

induced plastic flow on the softer material in contact [71, 84]. The same was analysed and 

elaborated by Lafaye et al on hard polymers [85]. This component would become relatively 

insignificant when the contact is formed between two bodies of a same soft polymer (soft-soft 

type contact) under low pressure (no plastic deformation). 

 

 

Figure 1.8 Schematic sketch of a model sliding contact between a sphere and smooth substrate, under 
an application of normal load (Fn). V is sliding speed and Ft is tangential friction force. Fadh and Fdef are 
two key mechanism contributing to the friction force. 

 

The adhesion component, which has already been introduced earlier, occurs between two 

surfaces in contact, due to their interatomic attractive force (van der Waals forces) [86]. 

Usually, the adhesion (molecular) component shows comparably major contribution in regard 

to the interaction of polymeric materials [87]. In the beginning, it was believed that the adhesive 

contribution to the friction force comes just from the energy needed to break the molecular 

adhesive bond [88]. However, later on, it came out too short as compared to the friction 

magnitude [72, 89]. The work of Grosch established that adhesive contribution of friction (for 

polymers) is rate dependent and largely influenced by polymer’s viscoelastic component [81, 

83]. Moreover,  in regard to the deformation component (F[]<) mechanism of friction response, 

it holds to the energy losses arising from the deformation of the polymer. 
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Figure 1.9 Master curves for the friction coefficient of the acrylonitrile-butadiene rubber C 
on four surfaces: Solid line (clean silicon carbide), small dashed line (polished stainless steel), dash-
dotted line (dusted silicon carbide) and large dashed line (wavy glass). All curves obtained at 20 °C [81]. 
 

Remarkably, Grosch’s work experimentally demonstrated a high dependency of the friction 

response on sliding speed and temperature, as shown in Figure 1.9. That would also be 

represented by a master curve describing the velocity dependence (at a constant temperature), 

and a universal temperature function whose only parameter (Ts), is related to the material’s 

glass transition temperature. This transformation showed a close agreement with the Williams-

Landel-Ferry (WLF) model [81, 90].  
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1.4 Aims and scope of this work 

Interfacial contact phenomena (adhesion and friction) are widespread in most technical as well 

as in natural systems. These phenomena are encountered in everyday life, such as stick notes, 

scrolling your finger over laptop touchpad, knee joints motion or insects walking on plants, just 

to name a few. In particular regard to the growing field of micro- and nano-technology, where 

enormously increased surface- to- volume ratio results in high surface forces, it becomes crucial 

to precisely tune frictional and adhesive properties right form design considerations. Apart from 

the substrate’s material property and chemistry, the surface texturing was found to be a strategic 

tool to control these phenomena. Both, adhesion and friction, play an influencing role in many 

processes in nature; on a particular note is the interaction of biological systems with the 

inanimate environment. However, almost all biological surface phenomena are governed by a 

composition of highly diverse and unique surface texturing and chemistry. Through a modern 

bio-inspiration strategy, one could go forward by simplifying the complex biological systems 

(simplified topography), to develop a clear understanding on biological contact behaviour and 

critically examine the adhesion and friction mechanism arising from their complex surface 

morphologies. The developed understanding might better contribute to improved functional 

surfaces in the future. Altogether, this work aims to integrate these considerations in a larger 

study which addresses frictional and adhesion properties of micro-textured soft polymeric 

surfaces (directly replicated from plant leaf surfaces; Figure 1.10.c) in contact with a polymeric 

probe (inspired from insect’s feet; Figure 1.10.b). A comprehensive sketch of this work’s 

context is illustrated in Figure 1.10.  

This thesis involves three different approaches / sub-projects to achieve the overall project aim. 

In the first part of this work; after doing a comprehensive morphological survey of various plant 

leaves surfaces, three different plant leaves, comprising surface structures with variable size 

(0.5– 100 µm), distinct shape and complexity, were selected as model bio-templates. However, 

to simplify the complexity of plant leaf surfaces, a potential strategy would be to precisely 

transfer the surface morphologies of plant leaves onto a known material. Thus, enabling us to 

methodically examine the morphological influence on adhesion and friction characteristics; 

excluding physiochemical properties. In addition, another objective of in-situ real contact 

visualization could only be achieved by developing a micro-replication technique to transfer 

the complex micro- and/or nano-structures of model plant leaves onto a highly transparent soft 

polymer material. 
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Figure 1.10 Comprehensive recapitulation of this work strategy. (a) Photograph of a stick insect 
(Carausius morosus) trying to find a perfect hold on the leaves of rubber tree (Hevea brasiliensis). (b) 
Optical microscope image of a tarsus of a stick insect with a smooth adhesive pad (Arolium), which was 
used as an inspiration for designing model adhesive system. (c) SEM image of H. brasiliensis leaf 
surface. (Down) Schematics of a pull-off adhesion test and a sliding friction test, coupled with in-situ 
real contact visualization. 

 

To investigate the uttermost limitation of the replication technique, a fourth plant leaf with 

three-dimensional dense arrangement of perpendicularly oriented long wax platelets was 

studied. Three different replication techniques (with different materials for mould and 

intermediate treatments) were extensively investigated, qualitatively and quantitatively 

compared. Scanning electron microscopy was used for qualitative morphological 
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characterization and comparison (original leaf and polymeric replica). Line and surface profile 

data sets on original templates (three plant species and one technical surface), their negative 

moulds and positive replicas were assessed using a confocal laser scanning microscope. Two 

model parameters were utilised to quantify the replication quality. This study confirmed the 

best replication ability of Epoxy-PDMS technique, therefore the PDMS replicas developed 

from this technique were further utilised for contact mechanics investigation in the next two 

parts. 

In the second study, we aimed a systematic (quantitative and qualitative) investigation of 

adhesion mechanics on each PDMS replicas and on a smooth PDMS surface as a reference. To 

permit to perform adhesion measurements at a low force range (few mN, that corresponds to 

the insect-plant interactions), an ultra-nanoindenter setup with high load and displacement 

precision, was modified. To our knowledge, the in-situ real contact visualization on complex 

biological micro-structured surfaces (down to sub-micron sized cuticular fold level) could not 

be achieved before. An innovative in-situ contact visualization (along with real-time data 

synchronization) system was developed and successfully incorporated into the adhesion setup, 

to get an in-depth understanding of true contacts and attachment/ detachment mechanisms. The 

adhesion force characteristics was quantitatively evaluated, and analysed how it influenced by 

pre-load conditions. The surface-specific attachment-detachment phenomena were also 

described, arising from their unique surface morphologies.  

The objective of the last (third) part of this work was to investigate the sliding friction 

mechanism on the complex surface topographies (the same leaf replicas used as in the second 

part). For this purpose, a nano-scratcher was used, performing uni-directional linear sliding 

tests. This study was also performed in conjugation with in-situ visualization technique (from 

the previous part) to visualise the distribution of real contact regions and their propagation 

during sliding movement. Tests were carried out to investigate the friction coefficient 

dependence to the applied normal load. Furthermore, we also evaluated the effect of sliding 

speed on the frictional characteristics and correlated it with the visco-elastic properties of 

contacting materials. 
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2 Materials and Methodology 

his section of the dissertation consists of materials, samples preparation techniques, data 

analysis, and various experimental procedures that were utilised in this thesis. 

2.1 Model plant leaves 

After achieving an extensive screening of various plant species, three model plant leaves Jewel 

orchid (Ludisia discolor), Rubber tree (Hevea brasiliensis) and Lychee (Litchi chinensis) were 

chosen in this work, on the basis of a wide size range (0.5 µm to few 100 µm), distinct 

topography and complexity of their surface structures (Figure 2.1). L. discolor (adaxial surface) 

shows circular cone-like shaped microstructures (50-100 µm), H. brasiliensis (adaxial surface) 

represents two levels of structuring consisting of epidermal cells covered with fine cuticular 

fold microstructures (0.5-2 µm), and L. chinensis (abaxial surface) shows a highly complex 

hierarchical surface structuring, made up of undercuts and overhanging patterns. In addition, a 

technical (PMMA) micro-structured surface decorated with regularly arranged circular dimples 

(depth of 5 µm and radius of 25 µm) was selected, which was utilised for the quantitative 

evaluation of replication ability (Manuscript B). 

 
Figure 2.1. Photographs of original plant leaves (a, b, c), and their SEM images (d, e, f), and CLSM 
microscope images (g, h, i). (a) Ludisia discolor (adaxial, upper side surface), (b) Hevea brasiliensis 

(adaxial, upper side surface) and (c) Litchi chinensis (abaxial, lower side surface). 

T 
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2.2 Plants leaf surface replication 

After selecting the model plant leaves, the foremost and essential step of this work was to 

precisely transfer the surface topography from plant leaves to a polymeric surface. Studies on 

investigating the mechanical characteristics of plant leaves at cellular level show their Young’s 

modulus in the scale of few MPa, nevertheless plant leaves are made-up of a highly complex 

and heterogeneous material composition [91–93]. Considering this, the PDMS, a soft matter 

polymer (E ≃ 0.5-4 MPa, alter with varying the monomer to cross-linker ratio), appears to be 

an interesting candidate for developing positive replicas and to further perform contact 

mechanics investigations [94]. Notably, it displays high optical transparency over a wide 

spectrum of UV light, thus a perfect material for achieving in-situ contact visualization [95]. 

Furthermore, it offers numerous key advantages: low cost, widely commercially available, easy 

handling, non-toxicity, and a low surface energy (22 mJ m-2) [94–96]. PDMS gets easily cross-

linked to a very stable elastic network (Tg = -120 °C), shows strong chemical stability at room 

temperature, and has no explicit significant interaction with other materials [97]. Moreover, one 

may also note the PDMS has high surface energy to elastic modulus (γ/E) ratio. Therefore it 

appears very appropriate for adhesive contact mechanics studies and has been extensively 

studied in various previous studies [62, 98–102]. 

To achieve the replication objectives, we principally followed a two-step double casting 

replication approach. At first, a negative mould was produced directly from a fresh plant leaf, 

and then the patterns from the negative mould were replicated onto PDMS surfaces, as shown 

in Figure 2.2. The replication processes are described in more details in manuscript A and 

manuscript B. 

 
Figure 2.2. Simplified schematic sketch of the two-step replication process. Fresh plant leaf was used 
to develop negative mould, which was further utilised to transfer the surface micro-structures on to the 
positive replica. 
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Three different replication approaches (with different materials for mould and intermediate 

anti-stiction surface treatments; soft- soft, soft- soft and hard- soft as summarized in Table 1)  

were comprehensively investigated and compared. As one of the prerequisite to achieve the in-

situ visualization was to get the final replica on a highly transparent polymer as previously 

mentioned, therefore the final replicas were always developed on PDMS in all the three 

techniques. The interfacial anti-stiction treatment was required to facilitate the smooth 

separation of positive replica from a negative mould, application depend on the mutual affinity 

of both materials. PVS-PDMS and Epoxy-PDMS replication techniques were originally 

established in this thesis. 

Table 1. A complete description of three replication techniques, utilising different materials for mould 
and anti-stiction surface treatments. 

Mould 

material 
Final replica 

material  

Intermediate anti-stiction treatment  Process abbr. 

PVS (soft) PDMS (soft) Gold thin film coating (15-20 nm) PVS-PDMS 

PDMS (soft) PDMS (soft) Trichloro 1H,1H,2H,2H perfluorooctyl 
silane (FOTS) monolayer 

PDMS-PDMS 

Epoxy (soft) PDMS (soft) Potassium hydroxide aqueous solution  
(KOH, 60 wt% ) 

Epoxy-PDMS 

 

In all three techniques, small pieces (3.5 cm × 3.5 cm) were cut out from cleaned fresh leaves 

and carefully glued onto a plastic Petri dish, using a double-side adhesive tape. Afterward, 

a liquid polymeric material (PVS, PDMS, or Epoxy resin) was slowly poured onto the leaf 

samples surface. After curing, leaves were carefully separated from the cured negative moulds. 

Developed moulds, after applying an intermediate anti-stiction treatment, were slowly filled up 

with PDMS mixture. After a curing at 60°C for 4 h, the PDMS replicas were gently peeled off 

from the negative moulds. All the PDMS samples were treated in n-heptane and 1-

dodecanethiol (0.01 wt. %) solution for overnight to remove the unreacted free chains [103, 

104]. After the treatment, samples were examined under SEM to check for any surface 

structural defects. Elaborate details on replication methods are given in manuscript A and 

manuscript B. 

2.3 Model adhesive system 

In the study, we took inspiration from the stick insect (Carausius morosus), which has smooth 

type attachment pads consisting of a soft cuticle (Figure 2.3) [28, 30]. Weighing of the adult 

insects measured a body mass of 800 ± 90 mg, resulting in a load of about 1.5 mN on a single 
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foot (assuming a uniform weight distribution over six feet of insect) [28, 30]. Furthermore, the 

material of smooth pad of insects is found to be demonstrating viscoelastic behaviour [28, 32, 

33]. Here, PDMS, a viscoelastic soft polymer, was used to develop the model adhesive system 

(Figure 2.3). A moulding process was used to fabricate the PDMS half-spherical (radius of 

1.5 mm) tip on a Polymethyl methacrylate (PMMA) mould. PDMS tip was embedded in a 

special tip holder assembly consisting of an external screw thread and nut attachment, thus 

ensuring a strong fixation (Figure 2.3). More details of model adhesive system fabrication are 

given in the Manuscript C. The same tip was used for both adhesion and friction mechanics 

investigations. 

 

          

Figure 2.3. (Left) Stereo microscope image of tarsus of a stick insect (Carausius morosus) with paired 
claws and the intervening smooth adhesive pad (Arolium). (Right) Photograph of the model adhesive 
system with a half- spherical PDMS tip is embedded within the tip holder. 

2.4 Surface morphology characterization 

All the surface investigations for replication quality analysis and examination of the samples 

were performed using scanning electron microscopy (SEM) and confocal laser scanning 

microscopy (CLSM) techniques. 

2.4.1 Scanning electron microscopy 

The surface visualization and examination of surface morphology of original plant leaves, 

technical surfaces, and their polymeric replicas (negative and positive) were performed using a 

scanning electron microscope (SEM). SEM technique offers to capture high-resolution surface 

images with a high depth of focus and capable of resolving very fine surface details down to 

nano-meter scale [105]. SEM investigation of biological samples requires an appropriate 

sample preparation protocol. At first, all fresh plant leaves were dehydrated with methanol and 

then dried in a critical point drier [48, 53]. All the samples (plant leaves, negative moulds, and 
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n-heptane PDMS replicas) were mounted on aluminium stubs, and coated with a conductive 

thin (ca. 10 nm) film of gold. All SEM investigations were performed at a tilting angle in the 

range 30⁰-45⁰. 

2.4.2 Confocal laser scanning microscopy 

To accomplish a quantitative characterization of surface topography of all samples, a confocal 

laser scanning microscope (LEXT) was used. The key advantages with LEXT microscope are: 

no need of specific sample preparation, non-contact measurements, and three-dimensional 

topographical measurements. By using the LEXT microscope software, we directly analysed 

and quantified the geometric dimensions (height, width, inter-spacing between cuticular folds, 

cells diameter etc.) of the investigated samples.  

2.5 Strategy to accomplish real contact visualization 

One to the primary objective of this work was to accomplish the in-situ visualization of real 

contact areas, while doing the adhesion and friction investigation on biological structured 

surfaces. In the past, a lot of research has been done to realise the real contact visualization on 

smooth surfaces or on technical micro-structures with defined topographies [62, 64, 98, 100, 

106–108]. However, the real contact visualization could not be achieved this way on biological 

structured surfaces considering the highly heterogeneous and complex structuring on biological 

surfaces at a sub-micron scale: indeed, the application of classical in-situ visualization 

approaches (using a laser beam or reflecting light) did not permit to visualize real contact 

junctions, as light beams got randomly diffuses due to the highly complex structuring. 

    

Figure 2.4. Simplified schematic sketch (left) exhibiting how the in-situ real contact visualization was 
achieved by using a high-resolution differential contrast microscopy approach based on transmission 
light microscopic principle. A sketch of the model adhesive tip assembly (right). 
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Finally, after considering various optical approaches, we successfully made use of a 

transmitting light microscopy principle [109]: a light beam was shined from the adhesive tip, 

that transmitted preferentially through the real contact junctions (matching of both material’s 

refractive index) and later received from another side with a high definition microscope camera. 

The spots, which formed true contact junctions, appeared as high contrast bright spots, and rest 

came out as dark domains. As in our investigation theme, size of tip probe (half sphere of 

1.5 mm radius) was small, it has been complicated to incorporate the optical setup with-in the 

adhesion and friction device. A special tip (as shown in Figure 2.4) was designed with an 

internal micro hole so that the light beam follows a path in the direction to the soft probe. The 

same in-situ visualization system was used in both adhesion and friction investigations. 

2.6 Modified adhesion force tester 

In general, the force range corresponding to insect-plant interactions falls in few mN (as 

measured ca. 1.5 mN for stick insect). Therefore, such contact mechanics investigations 

inspiring from insect-plant interactions need for a highly sensitive and low force range setup, 

to systematically answer the scientific questions [28]. Such a low force range and high 

sensitivity can be accomplished with a nano-indenter like apparatus [110, 111]. All the adhesion 

investigations in this work were performed with a JKR contact mechanics based apparatus [58]. 

An ultra-nanoindentation setup (UNHT³, Anton Paar Tritec, Switzerland) was modified to 

perform these low range adhesion force measurements, along with in-situ real contact 

visualization, as shown in Figure 2.5.  

     

Figure 2.5. (Left) Schematic of a typical pull-off tests for adhesion force investigation. (Right) 
Photograph of the modified nanoindenter with force measurement head and additionally attached hard 
reference base. The optical device (oriented inward) for in-situ visualization comprises an objective 
lens, a microscope tube, and a high-resolution colour camera. FL: pre-load, Fad: adhesion force. 
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Furthermore, the setup was also advanced with a dedicated electronic system that enabled the 

simultaneous recording of the video frame in real-time synchronization with the corresponding 

force data point. All the measurements were performed in a climate controlled room 

(temperature = 22 ± 3°C, relative humidity = 50% ± 10%). In order to ensure a precise and 

thermal drift free measurement, a unique surface referencing was performed (on each surface 

type) using a separate parallel referencing tip-head on a hard metal reference base, mounted 

with a high precision micrometre head, as can be seen in Figure 2.5. More details on this section 

can be found in Manuscript C. 

For all the adhesion force measurements, substrates were placed on a rigid transparent glass 

slide and then fixed on the test platform. The adhesive tip was slowly approached near to the 

substrate surface. As soon as, the tip reached in close proximity to the substrate surface sudden 

snap-in (pull-in) took place. After this, the tip attained zero normal load condition, 

corresponding to an initial zero load state in the force-displacement graph. At this state, as a 

test started, the adhesive tip began forming a contact at a constant loading rate of 0.083 mN/sec, 

until the defined pre-load (FL) is reached. The adhesive tip was kept under constant force FL for 

a set time and then the tip was retracted at a retraction speed of 0.83 µm/sec. This procedure is 

further described in section 3.2. The range of FL was kept low enough and sample thickness 

was chosen large enough, so that the ratio of sample thickness to mean contact radius was more 

than about 10, thus the underlying substrate (glass slide) effect could be neglected [62, 65]. 

2.7 Friction force tester 

For all the friction measurements in this work, the same ultra-nanoindentation setup, which was 

used for adhesion investigation, was modified and utilised under a new arrangement with 

double cantilever force sensor head and sliding bench, as shown in Figure 2.6. In this apparatus 

configuration, the sample was under sliding motion while the adhesive tip was kept fix. For in-

situ real contact visualization and video frame-force data point synchronization, the same 

system was used as from adhesion measurements. For a friction test, the adhesive tip was slowly 

brought close to the sample surface and started forming a solid-solid contact until the given 

normal load (Fn) was reached. Subsequently, the sliding step started, moving the friction stage 

at a pre-set sliding speed (V) for a given sliding distance.  
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Figure 2.6. (Left) Schematic of sliding friction test on textured surfaces together with in-situ real 
contact visualization. (Right) Photograph of the modified nanoindenter setup with friction 
configuration to perform unidirectional sliding tests. Fn: normal force, Ft: tangential (friction) force, V: 
sliding velocity. 

 

The tangential friction force (Ft) in between the tip and sample surface were measured and 

recorded at an acquisition rate of 100 Hz as well as Fn. All the friction measurements were 

carried out in a climate controlled room at a temperature of 25 ± 3°C and a relative humidity 

of 50% ± 10%. Friction tests were performed to record the effect of the normal load and the 

sliding speed on the friction characteristics, for all four substrates (three PDMS replicas and a 

smooth PDMS surface).  

2.8 Image processing and analysis 

Quantitative analysis and processing of all the in-situ videos were performed with the digital 

image processing tool ImageJ (v. 1.51p, National Institutes of Health, USA). Since, the 

recorded in-situ images could not be treated with any pre-installed standard functions due to 

irregular contrast all over the contact surface, dedicated macro-codes were written to perform 

initial homogenous filtering, to threshold, and to estimate the real contact area and apparent 

area as described in Figure 2.4 [112]. The real contact area was calculated by summing all the 

individual local real areas. For the apparent area estimation, multiple outmost peripheral point 

coordinates were sampled from all directions and these point-coordinates were fitted with a 

standard best-fit ellipse function of ImageJ.  
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3 Results and Discussion 

3.1 Plants leaf replication 

In this section, results of three replication techniques (PVS-PDMS, PDMS-PDMS and Epoxy-

PDMS) are presented. SEM images of the surfaces of original plant leaves and of their replicas 

developed by Epoxy-PDMS technique are shown in Figure 3.1, and clearly illustrating the high 

precision of this developed replication process. 

 

        

Figure 3.1. SEM images of original plant leaf surfaces (a- c) and their PDMS replicas (d- f) developed 
using Epoxy-PDMS replication technique. (a, d) L. discolor (coarse cone-like surface structuring), (b, e) 
H. brasiliensis (fine fold like microstructures) and (c, f) L. chinensis (hierarchical surface structures).
Pictograms on the left side represent the type of structuring. Lower magnification images of H. 

brasiliensis and L. chinensis can be found in Manuscript A. 
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The coarse size and simplest microstructure of L. discolor leaf surface was replicated without 

exhibiting any explicit shrinkage or shape damage of the convex cell microstructures (Figure 

3.1.a and 3.1.d). Very fine (less than 1 µm) surface topographies of H. brasiliensis leaf were 

successfully replicated without any fusion or overlapping of individual folds, as shown in 

Figure 3.1.b and 3.1.e. The most remarkable replication result in this work was obtained for L. 

chinensis leaves, where the complex hierarchical topographies with undercuts and overhanging 

sub-structures could be replicated precisely (Figure 3.1.c and 3.1.f). These complex structures 

with undercuts are usually difficult to replicate without breaking the overhanging patterns while 

peeling the replica from the negative mould. 

The extensive investigation on comparing all three replication approaches revealed that the 

Epoxy-PDMS technique develops more precise positive replicas as compare to PDMS-PDMS 

technique, as can be realize by comparing Figure 3.2.a, 3.2.c and 3.2.d. Moreover, in case of 

PVS-PDMS replication, the surface morphologies of L. chinensis leaf were strongly damaged, 

causing the positive replica to loose most of the fine overhanging patterns (hierarchical patterns) 

as demonstrated in Figure 3.2.b. 

 

        

Figure 3.2. Qualitative comparison of replication quality of three techniques for L. chinensis leaf. SEM 
image of original leaf surface (a), their PDMS replicas by PVS-PDMS technique (b), by PDMS-PDMS 
technique (c), and by Epoxy-PDMS technique (d). Scale bar holds same for all four images. 
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Furthermore, after having a qualitative description of the three replication techniques, a 

quantitative evaluation was also done to assess the replication accuracy of each technique. For 

this, two quantitative parameters ACCFMAX and DS were utilised, comparing the line and surface 

profiles from fresh leaves, negative replicas and positive replicas on the exact same spot, thanks 

to non-destructive and no sample preparation abilities of LEXT microscope. ACCFMAX is a 

maximized ratio between a cross-covariance function relating two profiles and their root mean 

squared roughnesses. DS is defined as the root mean square roughness of a virtual profile given 

by A–B over the mean square roughness of a profile A (A- original profile, B- replica profile). 

Both parameters are compliment to each other as ACCFMAX quantifies the similarities in the 

shape of two profiles, while DS takes into account the height differences. Results from this 

quantitative investigation turned out well in-line with the SEM characterization. These results 

are presented in details in Manuscript B. 

In our opinion, the best replication results obtained from Epoxy-PDMS technique point towards 

the interpretation that the very low viscosity (≃ 400 mPa.s) of uncured epoxy resin and long 

curing time (15 h) at room temperature  benefits a better filling of liquid epoxy into the fine and 

complex leaf structures (especially in case of L. chinensis), whereas for the PVS-PDMS 

replication approach, the high viscosity and fast polymerization of PVS result an incomplete 

filling of moulding material into the undercuts cavities [113]. Furthermore, the large difference 

in the elasticity of epoxy and PDMS (after curing) is beneficial for easy removal of the positive 

replica, and the soft flexible nature of PDMS prevents breaking of overhanging and damaging 

undercut structures. In the case of PDMS-PDMS replication, a degradation in replication quality 

might be because of the imperfect anti-stiction silane deposition on the undercuts and overhang 

structures. Due to this, the cured PDMS (positive replica) adhered with PDMS surface (places 

where no silane is deposited) and damaged the structures while peeling off. The lack of elastic 

contrast probably participates to these peeling off difficulties. 

After achieving the performance comparison of these three replication techniques, PDMS 

replicas developed by Epoxy-PDMS replication technique were further used for the contact 

mechanics experiments. We also examined, prior to testing, all n-heptane treated PDMS 

replicas to check any structural damage caused from swelling and de-swelling events. The SEM 

investigation confirmed that the n-heptane treatment did not create any micro-structures 

damage. Corresponding SEM images can be found in Manuscript C. 
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3.2 Adhesion mechanics investigation 

A representative graph obtained from a typical pull-off force measurement on smooth PDMS 

surface is present in Figure 3.3, along with real-time synchronized contact images at various 

stages of interest. During the unloading cycle (retraction part: c-d-e-f) the maximum negative 

force value represents the pull-off adhesion force (Fad), as marked in Figure 3.3. For reading 

convenience, hereafter, only genus name is used to address PDMS replica samples instead of 

full species name: Hevea replica for H. brasiliensis, Ludisia replica for L. discolor, and Litchi 

replica for L. chinensis. 

 
Figure 3.3. (Up) Representative force-time (displacement) curve obtained for a typical adhesion test for 
a whole test cycle on smooth PDMS sample, at a pre-load (FL) of 1.5 mN. Different points of interest 

(a-f) are marked on the curve and their corresponding in-situ images (down). 
 

Effect of pre-load: To investigate the effect of pre-load (FL) on adhesion force, FL was varied 

from 0.5 mN to 3.5 mN with a step size of 0.5 mN, by keeping all other parameters constant. 

The results of FL influence on adhesion force characteristics are summarised in Figure 3.4. As 
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can be seen in Figure 3.4.a, for smooth PDMS surface Fad values was quite consistent and 

independent (Fad ≃ 0.80 mN) with the increase in FL, that goes in a good agreement with the 

well-known JKR theory [58]. This observation also validates the test protocol, which 

adequately complying with the standard adhesive models on a defined arrangement, i.e. a sphere 

on a flat surface. Figure 3.4.b exhibits Fad characteristics obtained for the Hevea replica. A clear 

increase in Fad was observed with increasing the FL, however, the adhesion force appeared to 

get saturated with a further increased in FL after 2.5 mN. This behaviour could be explained 

with the filling-up of fine microstructure pockets between the wrinkles (cuticular folds) with 

advancing FL. Such observation has also been reported in previous studies [114–116]. This 

explanation was further supported by the analysis of in-situ real contact images and later the 

evaluation of normalized contact area (ratio of real contact to apparent contact area). This 

analysis can be followed in section 6.2 of manuscript C. 

 

 
Figure 3.4. Force- displacement curve (pull-off retraction part) obtained at different normal pre-load 
conditions as indicated in mN. (a) Smooth PDMS, (b) Hevea replica, (c) Ludisia replica and (d) Litchi 
replica. Different pre-load color coding mentioned in graph a applies same for other three. The force 
scales are different on each plot, to fit graphs comparable. 
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For Ludisia replica, no detectable variation in Fad was recorded with changing the FL, as can be 

seen from Figure 3.4.c. One has to keep in mind that the force scale on Ludisia graph is highly 

zoomed in. As a consequence, the value of Fad is very low. This behaviour could be interpreted 

with the validation of the Hertzian contact model locally (considering it as an inverted case of 

a half-sphere on smooth surface contact) on each cell of Ludisia replica and suggests that at this 

small scale each contacting asperity can be considered as a non-adhesive contact [117]. 

Corresponding analysis can be followed in the Manuscript C.  One can see in Figure 3.4.d an 

increasing dependence behaviour of Fad with raising the FL for Litchi replica. Here, this 

dependency could be unfolded with force sensitive phenomenon associated with unique surface 

morphology of Litchi replica. For a low FL condition, the true contact formed partially on the 

very top of overhanging micro-structures, whereas with increasing in FL, more area formed the 

real full contact, and thus led to higher adhesion. This could be validated by examining the real 

contact visuals for low and high FL conditions at the absolute zero load condition during the 

unloading cycling. An overall comparison of all the four samples shows that the smooth PDMS 

exhibited the highest value of adhesion force (Fad ≃ 0.80 mN) as compared to the three micro-

structured surfaces (Figure 3.4). This can relate to the fact that the aspect ratio of chosen micro-

structured surfaces was low, therefore it lowered the adhesion compared to smooth sample, this 

differs to what has been demonstrated in some previous research utilising soft and compliant 

fibrillar geometries of high aspect ratio [118–122]. Related analyses are elaborated in 

Manuscript C. 

 

Attachment and detachment mechanism from in-situ videos: The recorded in-situ real contact 

images (extracted from full test videos) at the full loading condition (FL = 1.5 mN) for all four 

surfaces are presented in Figure 3.5. It is worthy to mention here, one key aim of this work was 

to achieve high-quality visualization of real contact region while performing the adhesion 

measurement. This was successfully achieved as can be realised from the in-situ results 

presented in Figure 3.5. For smooth PDMS contact, as anticipated, the whole surface formed 

the real contact (Figure 3.5.a). The real contact area increased with loading and started 

decreasing once the retraction part began with the well-known adhesion hysteresis. Attachment-

detachment events were found homogenous and circular in shape over the whole contact cycle. 

Remarkably, the regions in true contact and out of contact, on the fine structured surface of 

Hevea replica, are evidently recognizable (Figure 3.5.b). During the attachment, contact 

formation initiated at the second level of micro-structuring (fine cuticular folds), and 

subsequently, as the contact formation advanced, whole cells were pulled in under a full contact 
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state, however, the cell boundaries were left out of contact (darker lines). In contrast, during the 

detachment, cell boundaries assisted in the crack initiation and further propagation: each cell in 

full contact behaved as a temporary contact point of stability [108]. In case of Ludisia replica, 

the real contact always occurred at the very top periphery of the conical shaped patterns of 

Ludisia replica, as illustrated in Figure 3.5.c. The real contact area was significantly lowered 

than the apparent area, and thus reduced the normalized contact area to 6.91%. The contact 

formation and separation on Ludisa replica, at the local cell level, was observed very smooth, 

homogeneously and circular in shape, similar to small smooth PDMS contact. Finally, a real 

contact image for Litchi replica can be seen in Figure 3.5.d. Here, in-situ visuals lacked in-detail 

clarity as compared to other three surfaces, indicating the limitation of visualization technique. 

Nevertheless, one could apparently observe that the real contacts (bright spots) were discretely 

distributed over the Litchi replica surface, attributing to its highly complex and heterogeneous 

surface morphology.  

 

 
Figure 3.5. High definition real contact images recorded, at full pre-load loading stage, on all four 
surfaces. (a) Smooth PDMS, (b) Hevea replica, (c) Ludisia replica and (d) Litchi replica. Bright high 
contrast areas represent the real area in contact. 
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During the attachment stage, at first, the overhanging fine structures (cuticular folds) of a ‘rose-

flower-shaped’ unit formed partial top-contact and later constituted a localised cluster (locally 

full contact) at higher loaded condition. Interestingly, for the detachment cycle, a fascinating 

behaviour of sudden fluctuation on adhesion response was observed, which could be attributed 

to a sudden release of the stored elastic energy when bended overhanging patterns and 

agglomerated ‘rose-flower-shaped’ morphologies locally popped out [123]. These results are 

discussed in the Manuscript C. Considering the fact that dynamic contacts were out of the scope 

however, it appears interesting for further studies in future. 

3.3 Friction mechanics investigation 

Friction tests were carried out on all four substrates (three PDMS replicas and a smooth PDMS 

surface) which were utilised in adhesion investigations. Friction coefficient (µ) was estimated 

by following the Coulomb’s friction law, µ = tangential friction force (Ft) / normal force (Fn) 

[75]. To investigate the effect of normal load on friction force characteristics, tests were 

conducted for six different normal load, 0.5-5.5 mN (step of 1 mN) at a constant sliding speed 

of 16.67 µm/s. In next part, the influence of sliding speed on friction response was studied by 

conducting the friction tests at different sliding speeds 1.67, 8.34, 16.67, 41.67, 83.34, 166.67, 

416.67 and 833.34 µm/s, keeping the normal load constant. All tests were always performed 

over a constant sliding distance (2500 µm). 

Figure 3.6 shows in-situ real contact visuals at sliding stage for each substrate. These snaps 

were singled out from complete movies captured during whole test cycles. For all four 

substrates, the results revealed a clear decreasing behaviour in friction coefficient with an 

increase in normal load. One can plot similar results as a function of friction force versus normal 

load. The reduction in friction coefficient behaviour could be understood with the friction force 

proportional dependence on the real contact area, demonstrating non-Amonton’s behaviour [76, 

98]. An overall comparison of all the four substrates together (for the same normal load and 

sliding speed) is illustrated in Figure 3.7. Smooth PDMS showed the highest average friction 

coefficient (µ = 6.37, at a normal load of 1.5 mN) out of all surfaces. In regards to contact 

dynamics, a circular (circularity parameter:1) and homogenous contact formed on smooth 

PDMS samples during the loading stage, however, it turned into an elliptical-like shape (with 

a reduction in area of 13.1 %) from static to kinetic stage (Figure 3.6.a). This behaviour 

attributing to the elastic stiffening of soft polymers from static to kinetic stage [124–126]. 
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Figure 3.6. In-situ real contact images during sliding friction tests (under shear state) on all four 
substrates, at a normal load of 1.5 mN and a sliding speed of 16.67 µm/s. (a) Smooth PDMS, (b) Hevea 
replica, (c) Ludisia replica and (d) Litchi replica. Red arrows indicate different points of interest. Sliding 
front holds same for all four images. Modified from Manuscript D. 
 

On Hevea replica, the real contact initiated just on very top of the fine cuticular folds structures 

and later grew over the individual cells (locally in full contact) at higher loading stage. 

However, during the sliding, the cells (puzzle-shaped bright spots) stretched under the shear 
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stress, and relaxed back after the tip passed away (Figure 3.6.b). An important behaviour 

observed on Hevea replica was the evolution of real contact junctions when confronting (in 

perpendicular orientation) with linear microstructure veins. This led to a gradual accumulation 

of microstructures and consequently creating more sliding resistance also inducing the 

semiregular instabilities on friction coefficient curve, as can be realized in Figure 3.7 (friction 

curve for Hevea replica) [127]. In-situ real contact videos recorded on Ludisia replica revealed 

a tremendous reduction in real contact area (normalized contact area = 7.5 %), where the real 

contacts always formed at the very top of its conical shaped topographies as presented in Figure 

3.6.c. Moreover, the local real contact junctions showed an ellipse-like shape under shearing, 

without any contact instability. Ludisia replicas demonstrated the lowest value of friction 

coefficient (µ = 1.1, at Fn = 1.5 mN), attributed to its unique surface patterning [40, 128]. Litchi 

replica, the most complex surface morphology, demonstrated a highly random distribution of 

real contact regions, and later the real contact evolution followed a highly random spreading 

(Figure 3.6.d). A slight increase in the contrast of real contact junctions was observed as soon 

as the sliding began, pointing toward the bending and agglomeration of its overhanging patterns 

when under shear [129]. Possibly, the sudden release of the strain energy stored during 

agglomeration deformation led to give a non-smooth friction response, as can be seen in Figure 

3.7. 

 

 
Figure 3.7. Friction coefficient versus sliding distance for all four surfaces investigated, at a constant 
normal load (1.5 mN) and sliding speed (16.67 µm/s). 
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Furthermore, results of the friction force dependence on sliding speed showed a clear increasing 

tendency of friction coefficient with raising the sliding speed. The same behaviour was recorded 

on all four substrates. Our results point out the fact that the friction characteristic of polymeric 

material is a speed-dependent phenomenon, which has also been observed in the past [101, 

130–134]. In fact, Grosch [81] established two key mechanisms contributing to the friction on 

rubber: (i) the surface adhesion and (ii) energy loss arising from the material deformation. Later 

on, this was demonstrated by other researchers as well [133, 135, 136]. In this line, for a better 

understanding, one could further broaden the analysis by comparing the speed (frequency) 

dependent friction behaviour with loss factor plot, that was obtained from the dynamic 

mechanical thermal analysis of PDMS over the same frequency range [81, 133, 137, 138]. Our 

analysis based on a quantitative comparison noticed an unexpected deviation: a lower than 

anticipated increment rate of friction on smooth PDMS was obtained [135, 138]. This behaviour 

on smooth PDMS could be explained with the high adhesive response between soft-soft 

interaction, especially at low normal force range. Interestingly, Ludisia replica surface revealed 

a much higher rate of friction increment (µ = 0.91 at V = 1.67 µm/s and µ = 1.73 at V = 833.34 

µm/s) as compare to the smooth PDMS (µ = 5.39 at V = 1.67 µm/s and µ = 8.13 at V = 833.34 

µm/s), attributed to its conical shape patterns which localised the induced stresses and also 

significantly reduced the adhesion role [139, 140]. The Litchi replica demonstrated almost a 

similar friction increment behaviour as the smooth PDMS, but the friction coefficient on Litchi 

replica was found lower than on the smooth surface. These findings could have an important 

significance for particular applications requiring such friction behaviour with less adhesion 

force. On Hevea replica, a sudden increase was observed from a speed of 1.67 µm/s to 16.67 

µm/s, however afterwards the friction increment rate was almost retarded. Elaborated 

discussion of these findings can be followed in the ‘effect of sliding speed’ section of 

Manuscript D. 
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4 Summary 

ithin this work, the adhesion and friction mechanics on complex micro-structured 

surfaces were systematically investigated, where the contact interaction system was 

closely inspired from the insect-plant interactions. This work rather followed a contemporary 

approach by accommodating both sides; biological as well as contact mechanics, in parallel. 

Accordingly, on the one side, studying and exploring mechanics phenomena arising from 

unique surface morphologies and on the other side, advancing the understanding of contact 

formation on plant surfaces at various levels (cuticular folds, cells). The main findings and 

knowledge emerged from this work can be summarised as follows: 

· A new bio-replication technique was needed to precisely transfer the coarse, fine (with a 

lateral resolution down to sub-micron), as well as complex hierarchical geometries directly 

from biological surfaces onto a highly transparent soft polymer material. The first part of 

this work includes a qualitative and quantitative evaluation of the replication ability and 

methodical comparison of three replication techniques (Epoxy-PDMS, PDMS-PDMS and 

PVS-PDMS) among a number of species of plants and a technical structured surface. Two, 

out of three, techniques were originally developed in this work. Along with SEM microscope 

examinations, two model parameters (cross-covariance function ratio and relative 

topography difference) were applied on the line profiles and the surface profiles recorded by 

confocal laser scanning microscopy. Investigation results pointed out both advantageous 

aspects and limitations of each technique, based on the type of surface structuring. Finally, 

Epoxy-PDMS resulted out the most precise replication technique to replicate complex 

biological morphologies, i.e. with the highest cross-covariance ratio and the lowest relative 

topography difference. Apart from good replication abilities, this technique offers various 

key advantages: simple and straightforwardness, no intermediate anti-stiction surface 

treatments, long durability of moulds, and multiple replicas from the same mould. This 

technique can be used for the rapid development of bioinspired surfaces and can also be up-

scaled on a large area (cm2). 

· The second part of this work was to study pull-off adhesion mechanism, at a low force range 

(that closely corresponds to insect-plants interaction forces), on bio-replicated surfaces 

forming a contact with a model adhesive tip (soft-soft contact). An ultra-nanoindenter setup 

with high load and displacement precision was modified based on the JKR contact 

mechanics. In order to improve the understanding of the phenomena involved, we developed 

and successfully demonstrated an innovative technique for the in-situ real contact 

W    
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visualization on complex biological surface morphologies (down to sub-micron sized 

cuticular fold level). To our knowledge, the new in-situ imaging system overcome previous 

studies limited to smooth or technical surfaces with defined structures. A significant 

enhancement in adhesion force with increasing in pre-load was observed on two replica 

surfaces: Hevea replica (fine micro-structuring) and Litchi replica (complex hierarchical 

morphologies), attributed to the filling-up of fine microstructure pockets on higher pre-load. 

However, no specific influence of pre-load was recorded on remaining two surfaces: Ludisia 

replica (coarse sized circular cone shape patterns) and smooth PDMS. Overall comparison 

concluded a significant reduction in adhesion force on Ludisia replica and Litchi replica as 

compared to other two surfaces. A close examination of real contact images revealed unique 

attachment-detachment phenomena, particularly on Hevea replica and Litchi replica, 

originating from surface-specific topographies and different pre-load conditions. 

· The final part of this work investigated the friction mechanics on the same surfaces utilised 

in the second part under a sliding contact with a soft tip. Taking advantage of in-situ contact 

imaging technique achieved in the preceding part, visualization of real contact junctions 

during the sliding tests were accomplished. All four surfaces demonstrated evidently 

decrease in friction coefficient with increasing the normal load, however, each surface 

exhibited distinct decreasing behaviours. Furthermore, a clear influence of the sliding speed 

on friction response was recorded for all surfaces, which ascribed to the viscoelastic 

characteristic of PDMS. With increasing the sliding speed, friction coefficient apparently 

increased, however, each surface demonstrated a different rate and distinct behaviour of 

friction increment. Focusing on this, the speed dependent friction responses were correlated 

with the loss factor characteristics of PDMS material over the same frequency range. Our 

analysis pointed out that the localization of stresses, due to different surface topographies, 

led to creating different friction incremental rate with increasing the speed. For any normal 

load condition, Ludisia replica demonstrated the lowest friction coefficient, owing to its 

unique conical shaped patterns, which tremendously reduced the real contact area as 

compared to other investigated surfaces. Analysis of in-situ videos revealed different types 

of real contact evolution as well as shear strain distribution, which originating from the 

specific micro-structures in contact. 

In this work, the same set of samples under identical contact scheme (soft-soft contact) were 

utilised, in both adhesion and friction investigations. It is worthwhile to mention the consistency 

observed between the adhesion and friction results, which suggests that the adhesion 

phenomenon seems to play an important role in the friction process. 
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Replication techniques developed in this work have perspectives for exploring biological 

diversity and to systematically investigate the underlying role of topography on various surface 

functionalities such as optical properties, wetting properties, antifouling properties, etc. In the 

present work, these replicas were utilised for adhesion and friction investigations. Furthermore, 

the replication ability evaluation tool demonstrated in this work might well be used for better 

accuracy evaluation of surface replication techniques. The in-situ imaging advancement 

achieved in this work could be a beneficial tool for the real contact visualization on complex 

structured surfaces. Furthermore, the insights gained from the adhesion and friction mechanics 

study on complex biological surface morphologies may provide a valuable assistance for 

designing bio-inspired functional surfaces and to precisely tune these functions. 

In the future line, one might explore some advanced materials to precisely able to replicate plant 

surfaces with extreme structures with high aspect ratio, such as long hairy trichome structures, 

and also to enhance the robustness of replicas for the direct industrial applications. Moreover, 

future work could establish the individual contribution of each level of surface micro-

structuring on the adhesion and friction, since the local scale has been demonstrated to be a 

relevant scale for understanding macroscopic characteristics. Finally, the prospect on the 

dynamic effect (increase local strain rate) raised during adhesion and friction studies could be 

addressed in further research.  
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Conclusions 

Dans le cadre de ce travail, les mécanismes d’adhérence et de frottement sur des surfaces 

microstructurées complexes ont été systématiquement étudiés, où le système en contact a été 

inspiré par les interactions insectes-plantes. Ce travail fait à la fois intervenir des aspects de la 

mécanique du contact et de la biologie. Ainsi, d’une part, l’exploration des phénomènes 

mécaniques induits par les morphologies spécifiques de surface a été étudiée et, d’autre part, la 

compréhension du contact sur les surfaces végétales à plusieurs échelles (plis cuticulaires, 

cellules) a été améliorée. Les principales conclusions et enseignements issus de ces travaux 

peuvent être résumés comme suit : 

· Une nouvelle technique de bio-reproduction était nécessaire pour transférer avec précision 

les géométries grossières, fines (avec une résolution latérale sub-micronique), ainsi que les 

géométries hiérarchiques complexes directement à partir de surfaces biologiques sur un 

matériau polymère souple hautement transparent. La première partie de ce travail comprend 

une évaluation qualitative et quantitative de la qualité de reproduction et une comparaison 

méthodique de trois techniques de reproduction (Epoxy-PDMS, PDMS-PDMS et PVS-

PDMS) appliquées à plusieurs espèces végétales plus une surface technique structurée. Deux 

techniques sur trois sont originales car développées pour ce travail. En plus des examens au 

microscope électronique à balayage, deux paramètres topographiques (rapport de covariance 

croisée et différence topographique relative) ont été appliqués à des profils et surfaces issus 

de microscopie confocale à balayage laser. Les résultats ont mis en évidence à la fois les 

avantages et les limites de chaque technique en fonction du type de structuration de surface. 

Enfin, la technique Epoxy-PDMS a permis d’obtenir la reproduction la plus précise des 

morphologies biologiques complexes, i.e. avec le rapport de covariance croisée le plus élevé 

et la différence topographique relative la plus faible. Outre ses bonnes qualités de 

reproduction, cette technique offre de nombreux avantages : simplicité et rapidité, pas de 

traitement de surface anti-adhésif intermédiaire, longue durée de vie des moules, et plusieurs 

répliques réalisables à partir d’un même moule. Cette technique peut être utilisée pour le 

développement rapide de surfaces bio-inspirées et peut également être adaptée à plus grande 

échelle (cm2). 

· La deuxième partie de ce travail consistait à étudier le mécanisme d’adhésion par 

décollement d’un contact obtenu à faible charge (qui correspond aux forces d’interaction 

insectes-plantes) entre une surface bio-répliquée et une sonde adhésive modèle (contact de 

matières molles). Un ultra-nanoindenteur a été dérivé comme test de contact JKR. Afin 



-41- 
 

d’améliorer la compréhension des phénomènes en jeu, une avancée a été obtenue dans la 

visualisation in-situ de contacts sur des morphologies complexes de surfaces biologiques 

(jusqu’au niveau du pli cuticulaire de taille sub-micronique). À notre connaissance, le 

nouveau système d’imagerie in-situ surpasse les études précédentes limitées aux surfaces 

lisses ou périodiquement structurées. Une augmentation significative de la force d’adhérence 

avec l’augmentation de la pré-charge a été observée sur deux surfaces : la réplique d’Hévéa 

(microstructuration fine) et la réplique de Litchi (morphologies hiérarchiques complexes), 

attribuée au remplissage de fines poches microstructurales à pré-charge élevée. Aucune 

influence spécifique de la pré-charge n’a été enregistrée sur les deux autres surfaces : la 

réplique de Ludisia (formes de cônes circulaires de taille grossière) et le PDMS lisse. La 

comparaison globale a montré une réduction significative de la force d’adhérence sur la 

réplique de Ludisia et la réplique de Litchi par rapport aux deux autres surfaces. Un examen 

attentif des images de contacts vrais a révélé des phénomènes originaux d’attachement-

détachement, en particulier sur les répliques d’Hévéa et de Litchi, attribués à leur 

topographie spécifique et aux différentes conditions de pré-charge. 

· La dernière partie de ce travail a porté sur la mécanique du frottement sous un contact 

glissant entre une pointe souple et les surfaces utilisées dans la deuxième partie. Tirant parti 

de la technique d’imagerie in-situ évoquée précédemment, la visualisation des contacts réels 

a été réalisée pendant les essais de glissement. Les quatre surfaces présentaient de manière 

nette une diminution du coefficient de frottement avec l’augmentation de la charge normale, 

mais chaque surface présentait des comportements distincts. De plus, une influence claire de 

la vitesse de glissement sur la réponse au frottement a été observée pour toutes les surfaces, 

ce qui a été attribuée au caractère viscoélastique du PDMS. Avec l’augmentation de la 

vitesse de glissement, le coefficient de frottement augmente, cependant, chaque surface 

induit un comportement et un incrément de frottement différent. Plus précisément, les 

réponses en frottement en fonction de la vitesse ont été corrélées avec les caractéristiques du 

facteur de perte du matériau PDMS dans la gamme de fréquences considérée. Notre analyse 

a montré que la distribution des contraintes, en raison des différentes topographies de 

surface, conduit à créer des taux d’augmentation de frottement différents avec 

l’augmentation de la vitesse. Pour toutes conditions de charges, la réplique de Ludisia a 

montré le coefficient de frottement le plus bas, en raison de ses textures de forme conique, 

qui réduit considérablement la surface de contact réelle. L’analyse des vidéos in-situ a révélé 

différents types d’évolution des aires vraies de contact ainsi que des distributions de 

déformation sous cisaillement, qui proviennent de la microstructure spécifique en contact.  



-42- 
 

Dans ce travail, un même ensemble d’échantillons a été soumis à des contacts identiques 

(contact de matières molles), tant pour des essais d’adhérence que de frottement. Il est 

intéressant de mentionner la cohérence observée entre les résultats d’adhérence et de frottement, 

ce qui suggère que le phénomène d’adhésion semble jouer un rôle important dans le processus 

de frottement. 

Les techniques de reproduction mises au point dans le cadre de ce travail permettent d’explorer 

la diversité biologique et d’étudier systématiquement le rôle sous-jacent de la topographie sur 

diverses fonctionnalités de surface telles que les propriétés optiques, les propriétés de 

mouillage, les propriétés anti-salissure, etc. Dans ce travail, les répliques ont été utilisées pour 

des études d’adhérence et de frottement. De plus, les paramètres d’évaluation de la qualité de 

reproduction appliqués dans ce travail pourraient être utilisés pour une meilleure évaluation de 

la précision d’autres méthodes de reproduction de surfaces. Les avancées de l’imagerie in-situ 

réalisées dans le cadre de ces travaux pourraient être un outil utile pour la visualisation réelle 

des contacts sur des surfaces structurées complexes. De plus, les enseignements tirés de l’étude 

de la mécanique d’adhérence et de frottement sur les surfaces à morphologies biologiques 

complexes peuvent fournir une aide précieuse pour la conception de surfaces fonctionnelles 

bio-inspirées et pour l’ajustement précis de ces fonctions. 

En perspectives, on pourrait s’intéresser à certains matériaux à fonctions avancées et tenter de 

les reproduire avec précision, comme les surfaces de plantes avec des structures extrêmes à 

rapport d’aspect élevé, telles que des structures trichomes à poils longs. Cela permettrait 

également d’améliorer la robustesse des répliques pour les applications industrielles directes. 

En outre, les travaux futurs pourraient établir la contribution individuelle de chaque niveau de 

microstructure de surface sur l’adhérence et le frottement, puisqu’il a été démontré que l’échelle 

locale est une échelle pertinente pour comprendre les caractéristiques macroscopiques. Enfin, 

les perspectives sur l’effet dynamique (augmentation de la vitesse de déformation locale) 

soulevées pendant les études d’adhérence et de frottement pourraient faire l’objet de recherches 

supplémentaires.  
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Appendix 

Replication techniques:  

1. Epoxy-PDMS replication technique: 

In the Epoxy-PDMS replication approach, epoxy negative moulds were directly developed by 

simply peeling off the leaf samples (only for the H. brasiliensis, L. discolor) from cured epoxy 

(Figure 1). However, in case of L. chinensis, leaf samples could not be separated out from the 

cured epoxy (Figure 2) therefore, a dedicated chemical treatment was performed.  

 

Figure 1. Preparation of negative Epoxy mould from H. brasiliensis. (a) Photograph of H. brasiliensis 
leaf sample filled up with epoxy resin. (b) After curing leaf sample could be easily peeled off from 
negative epoxy mould. 

 

 

Figure 2. Preparation of negative Epoxy mould from L. chinensis leaf. (a) Photograph of H. brasiliensis 
leaf sample filled up with epoxy resin. (b) After curing, L. chinensis leaf was firmly embedded in epoxy 
mould and could not be separated out. 
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2. PVS-PDMS Replication:  

 

Figure 3. Schematic diagram of PVS- PDMS replication process. Pouring of PVS mixture onto original 
fresh plant leaf sample (a) and development of cured negative PVS mould (b). Cured PVS negative 
mould separated from leaf surface (c, d), and coated with gold particles thin coating (e). PVS mould 
filled up with PDMS mixture (e) and curing in oven. Developed PDMS replica with replicated 
microstructures of leaf surface (g). 

 

3. PDMS-PDMS replication technique:  

Due to high stiction in between PDMS-PDMS surface, it was not possible to peeled-off PDMS 

replica from negative PDMS mould. To address this issue, it was essential to make an anti-

stiction surface treatment on the negative PDMS mould. A silane deposition setup (Figure 4.a) 

was designed in our lab and a simplified sketch of vapour phase silanization process is presented 

in Figure 4.b. Silanization setup consists of a vacuum pump, vacuum desiccator, absorption trap 

and pressure gauge. PDMS substrate (negative mould) was kept inside the desiccator with a 

support of side wall.  30-50 µL (few drops) of silane chemical (Trichloro 1H, 1H, 2H, 2H 

perfluorooctyl silane) was placed in a small petri dish. The desiccator was closed and connected 

to a vacuum pump for about 30 min. An adsorption filter trap was also installed in between the 

vacuum desiccator and the pump to avoid the contamination of the vacuum pump with toxic 

and corrosive silane particles (Figure 1.a). All silanization treatments were performed inside a 
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fume hood. After 3 hours of silanization, samples were washed with Isopropyl alcohol (IPA) 

and deionized water, and subsequently dried with nitrogen air. Silane treated negative PDMS 

mould was further used to develop positive replicas. 

 

Figure 4 Photograph of silanization setup used for anti-stiction treatment of negative PDMS moulds 
(a), and a simplified schematic exhibiting vapour phase silanization process (b).



 

 


