Charchit Kumar 
  
Thomas Speck 
  
Vincent Le Houérou 
email: v.lehouerou@unistra.fr
  
Local contact formation during sliding on soft adhesive surfaces with complex microstructuring

Keywords: biological surfaces, hierarchical microstructures, sliding friction, DMTA, PDMS, in-situ imaging

Friction on biological-like micro-structured surfaces has been investigated. Using a bioreplication technique, complex surface morphologies found in plant leaves were transferred onto viscoelastic substrates. A nano-indenter was modified, permitting in-situ real contact junctions visualisation. Effects of applied normal load and sliding speed on the friction response were evaluated. All four surfaces demonstrated a decrease in the friction coefficient (but dissimilar behaviors) with increasing normal load. In-situ videos revealed different contact formation under shearing, which originated from the specific surface topographies. An increase in friction coefficient with rising sliding speed was found out. This speed-dependent friction response was qualitatively correlated with material loss factor and the different friction incremental rates were discussed in the light of strain localisation in the confined topographies.

Introduction

The frictional characteristics of interacting bodies have been an important subject of study for decades, notably because of their wide presence in a broad range of technical applications, e.g. head-disk interfaces in data storage drives, conveyor belts, the interaction of tyres with the road surface, rubber seals and piston rings [START_REF] Persson | Sliding friction: physical principles and applications[END_REF][START_REF] Mate | Tribology on the small scale: a bottom up approach to friction, lubrication, and wear[END_REF]. Moreover, friction properties have a profound impact on the efficiency and durability of all these systems. In the past several decades, surface micro-and/or nano-structuring (apart from modifying the surface chemistry) has been widely studied and well recognised as a key factor for precisely adjusting frictional characteristics [START_REF] Bhushan | Springer handbook of nanotechnology[END_REF][START_REF] Nguyen | Friction of rubber with surfaces patterned with rigid spherical asperities[END_REF][START_REF] Lu | A novel surface texture shape for directional friction control[END_REF][START_REF] Maegawa | Effect of normal load on friction coefficient for sliding contact between rough rubber surface and rigid smooth plane[END_REF][START_REF] Matsuda | Real contact area and friction property of rubber with two-dimensional regular wavy surface[END_REF][START_REF] Murarash | Tuning elastomer friction by hexagonal surface patterning[END_REF]. In most studies, a reduction in friction has been observed incomparison with sliding over a smooth surface, mainly attributable to surface patterning that leads to a decrease in the true contact area compared with the apparent area [START_REF] Maegawa | Effect of normal load on friction coefficient for sliding contact between rough rubber surface and rigid smooth plane[END_REF][START_REF] Brörmann | Friction on a microstructured elastomer surface[END_REF][START_REF] Degrandi-Contraires | Sliding friction at soft micropatterned elastomer interfaces[END_REF][START_REF] Rand | Friction of soft elastomeric wrinkled surfaces[END_REF]. Much of the work in this domain has primarily focused on technically developed micro-structured surfaces with defined morphologies (e.g. pillars, wrinkles, spherical dimples) [START_REF] Brörmann | Friction on a microstructured elastomer surface[END_REF][START_REF] Degrandi-Contraires | Sliding friction at soft micropatterned elastomer interfaces[END_REF][START_REF] Rand | Friction of soft elastomeric wrinkled surfaces[END_REF][START_REF] He | Surface texture effect on friction of a microtextured poly(dimethylsiloxane) (PDMS)[END_REF][START_REF] Yashima | Normal contact and friction of rubber with model randomly rough surfaces[END_REF].

If we look to nature and to botany in particular, friction plays a significant role in the interaction between plants and insects (e.g. feeding, pollinating) or with the inanimate environment [START_REF] Koch | Multifunctional surface structures of plants: an inspiration for biomimetics[END_REF][START_REF] Scherge | Biological micro-and nanotribology[END_REF][START_REF] Bargel | Plant cuticles: multifunctional interfaces between plant and environment[END_REF]. Interestingly, on the one hand, many plants possess surfaces markedly reducing insect attachment [START_REF] Prüm | Plant surfaces with cuticular folds and their replicas: influence of microstructuring and surface chemistry on the attachment of a leaf beetle[END_REF][START_REF] Prüm | Plant surfaces with cuticular folds are slippery for beetles[END_REF], whereas on the other hand, the attachment system of insects has evolved so that they can attach-detach to climb on or to walk over various plant surfaces [START_REF] Drechsler | Biomechanics of smooth adhesive pads in insects: influence of tarsal secretion on attachment performance[END_REF][START_REF] Scholz | Micromechanics of smooth adhesive organs in stick insects: pads are mechanically anisotropic and softer towards the adhesive surface[END_REF][START_REF] Labonte | Scaling and biomechanics of surface attachment in climbing animals[END_REF][START_REF] Zhou | Insect adhesion on rough surfaces: analysis of adhesive contact of smooth and hairy pads on transparent microstructured substrates[END_REF]. Notably, on plant leaf surfaces, highly diverse and specific surface structures exist with distinct shapes and sizes and at various hierarchical levels, optimising their surface functionalities, for example, the slippery surface of carnivorous plants that trap insects or the air-trapping surfaces in the swimming ferns of the genus Salvinia [START_REF] Prüm | Plant surfaces with cuticular folds are slippery for beetles[END_REF][START_REF] Koch | Diversity of structure, morphology and wetting of plant surfaces[END_REF][START_REF] Poppinga | Comparative and functional morphology of hierarchically structured anti-adhesive surfaces in carnivorous plants and kettle trap flowers[END_REF][START_REF] Gorb | Physicochemical properties of functional surfaces in pitchers of the carnivorous plant Nepenthes alata Blanco (Nepenthaceae)[END_REF][START_REF] Barthlott | The Salvinia paradox: superhydrophobic surfaces with hydrophilic pins for air retention under water[END_REF][START_REF] Busch | Bionics and green technology in maritime shipping: an assessment of the effect of salvinia air-layer hull coatings for drag and fuel reduction[END_REF][START_REF] Eder | Biological composites-complex structures for functional diversity[END_REF].

However, one has to keep in mind that all these biological surface phenomena arise from a complex interplay of surface structuring at various hierarchical levels and by the chemistry of the interacting surfaces, all of which create complex systems that are difficult to investigate [START_REF] Gorb | Physicochemical properties of functional surfaces in pitchers of the carnivorous plant Nepenthes alata Blanco (Nepenthaceae)[END_REF][START_REF] Eder | Biological composites-complex structures for functional diversity[END_REF][START_REF] Barthlott | Plant surfaces: structures and functions for biomimetic innovations[END_REF]. These systems might be simplified by transferring the surface morphologies onto to standard material, thereby allowing a systematic study to determine the actual role of the surface structuring, independently of material surface chemistry [START_REF] Prüm | Plant surfaces with cuticular folds and their replicas: influence of microstructuring and surface chemistry on the attachment of a leaf beetle[END_REF][START_REF] Prüm | Impact of cell shape in hierarchically structured plant surfaces on the attachment of male Colorado potato beetles (Leptinotarsa decemlineata)[END_REF][START_REF] England | Surface roughness rather than surface chemistry essentially affects insect adhesion[END_REF]. The same could be accomplished for the counterpart as well, i.e. the attachment system of insects, which can be reasonably replaced by a model adhesive probe. A realistic force range (few mN) is another important aspect that has to be taken into consideration with respect to insect-plant interactions [START_REF] Drechsler | Biomechanics of smooth adhesive pads in insects: influence of tarsal secretion on attachment performance[END_REF][START_REF] Labonte | Scaling and biomechanics of surface attachment in climbing animals[END_REF][START_REF] Gorb | Structural design and biomechanics of friction-based releasable attachment devices in insects[END_REF]. Although this approach might not represent the full complexity of the situation in nature, it might improve our understanding of the role of topography in contact formation and friction processes and may provide inspiration for technical surface design. Indeed, from an engineering point of view, the huge morphological richness of plant leaf surfaces offers a source for systematic friction mechanics studies that will lead to an understanding of the frictional behaviour that results from complex, though unique, surface morphologies and, later, to the development of a meaningful model system [START_REF] Barthlott | Plant surfaces: structures and functions for biomimetic innovations[END_REF][START_REF] Bar-Cohen | Biomimetics-using nature to inspire human innovation[END_REF][START_REF] Mcdonald | Biomimetic micro-patterning of epoxy coatings for enhanced surface hydrophobicity and low friction[END_REF][START_REF] Singh | A biomimetic approach for effective reduction in micro-scale friction by direct replication of topography of natural water-repellent surfaces[END_REF][START_REF] Speck | Process sequences in biomimetic research[END_REF]. In-situ imaging might thus be an important tool for acquiring furthers insight into real contact dynamics and its local conditions [START_REF] Krick | Optical in situ micro tribometer for analysis of real contact area for contact mechanics, adhesion, and sliding experiments[END_REF].

Based on the context outlined above, we present a systematic study of the friction mechanics on soft polymeric replicas, which consist of highly complex and diverse bio-inspired morphologies (different sizes of 0.5-100 µm, distinct shapes and hierarchical levels) brought into contact with a model adhesive tip. A smooth surface was included in the set of investigated samples as a benchmark surface. All friction measurements were carried out in a unidirectional sliding configuration, coupled with the original in-situ visualisation of real contact junctions. We initially examined the effect of an applied normal load on the friction response and concomitantly analysed real contact dynamics under shearing and the local contributions of various micro-structures. We subsequently determined the sliding speed dependence of the friction response and related it to changes in the loss factor of the material over the same frequency range.

2 Experimental:

Investigated biological surfaces:

We focused on three different plant leaf surfaces that had previously been chosen and studied by Kumar et al. [START_REF] Kumar | In situ investigation of adhesion mechanisms on complex microstructured biological surfaces[END_REF] during adhesion investigations. These plant leaves were selected on the basis of the size, morphology and complexity of their surface micro-structures: (i) two levels of hierarchical structuring consisting of epidermal cells (puzzled-shaped) covered with fine cuticular fold microstructures (height, thickness and spacing ≃ 1 μm) on the adaxial leaf surface of Hevea brasiliensis (Fig. 2.a), (ii) coarse size circular conical-shaped patterns (50-100 μm) on the adaxial leaf surface of Ludisia discolor (Fig. 2.b) and (iii) complex hierarchical topographies comprising undercuts and overhanging patterns on the abaxial leaf surface of Litchi chinensis (Fig. 2.c) [START_REF] Prüm | Plant surfaces with cuticular folds are slippery for beetles[END_REF][START_REF] Kumar | Straightforward and precise approach to replicate complex hierarchical structures from plant surfaces onto soft matter polymer[END_REF]. All plant species used in this investigation were collected from the Botanic Garden of the University of Freiburg. All plant leaf samples were freshly picked and handled delicately immediately before the replication procedure in order to avoid any dehydration artefacts.

Fabrication of PDMS replicas and smooth surface:

Leaves comprise complex materials. Recently, the elastic modulus of plant leaves has been demonstrated to fall within the scale of a few MPa [START_REF] Wang | Mechanical characteristics of typical plant leaves[END_REF][START_REF] Saito | The bulk elastic modulus and the reversible properties of cell walls in developing Quercus leaves[END_REF]. PDMS (polydimethylsiloxane), a widely used soft elastomer, seems appropriate for friction investigations, as inspired by plant leaf-insect interactions, although it does not strictly mimic the configurations of the latter. PDMS shows the following advantages: extremely low elastic modulus (E ≃ 0.5-4 MPa, depending on the monomer to cross-linker ratio), low glass transition temperature (-120 °C), low surface energy (γ = 22 mJ.m -2 ), high chemical stability, easy handling and non-toxicity [START_REF] Murarash | Tuning elastomer friction by hexagonal surface patterning[END_REF][START_REF] Vaenkatesan | Adhesion and friction behaviours of polydimethylsiloxane -A fresh perspective on JKR measurements[END_REF][START_REF] Mata | Characterization of polydimethylsiloxane (PDMS) properties for biomedical micro/nanosystems[END_REF]. Moreover, because of the requirements to accomplish in-situ visualisation on highly complex biological morphologies, PDMS emerges as an effective and realistic choice as it has high optical transparency [START_REF] Kumar | In situ investigation of adhesion mechanisms on complex microstructured biological surfaces[END_REF][START_REF] Schneider | Process and material properties of polydimethylsiloxane (PDMS) for Optical MEMS[END_REF]. PDMS (Bluesil ESA 7250 A & B kit, Bluestar Silicones GmbH, Leverkusen, Germany) replicas of the leaf surfaces of all three plants mentioned above were obtained by following the two-step replication technique described in detail by Kumar et al. [START_REF] Kumar | Straightforward and precise approach to replicate complex hierarchical structures from plant surfaces onto soft matter polymer[END_REF] and proved to be suitable for the purposes of this study [START_REF] Kumar | Replicating the complexity of natural surfaces: technique validation and applications for biomimetics, ecology and evolution[END_REF]. In addition, smooth PDMS specimens were developed by curing the PDMS mixture in a glass Petri dish. To ensure identical intrinsic properties, all PDMS samples were fabricated from the same batch. All the samples (bulk substrates with a thickness of about 2 mm) were treated overnight in a solution of n-heptane and 1-dodecanethiol (0.01 %) to extract the unreacted free chains [START_REF] Deruelle | Adhesion at the Solid-Elastomer Interface: Influence of the Interfacial Chains[END_REF][START_REF] Deruelle | Adhesion energy between polymer networks and solid surfaces modified by polymer attachment[END_REF].

Surface characterisation:

The morphology of the plant leaf surfaces and their PDMS replicas were examined by scanning electron microscopy (SEM). In the case of plant leaves, samples were prepared prior to observations by following a fixation protocol in methanol solution and were dried by using a critical point drier (LPD 030, Bal-Tec) [START_REF] Neinhuis | Methanol as a rapid fixative for the investigation of plant surfaces by SEM[END_REF][START_REF] Talbot | Methanol fixation of plant tissue for scanning electron microscopy improves preservation of tissue morphology and dimensions[END_REF]. Samples were mounted on aluminium stubs (Plano GmbH, Wetzlar, Germany) and their sidewalls were coated with conductive silver paint (Acheson Silver DAG 1415M, Plano GmbH, Wetzlar, Germany). All samples were sputter-coated with a thin film (approximately 10 nm) of gold (Cressington Sputter Coater, 108 auto) and examined in a scanning electron microscope (Leo 435 vp, Leica, Wiesbaden, Germany and Hitachi SU8010, UHR FE-SEM, France) at a 30°-45° range tilting angle.

Friction force apparatus:

Fig. 1 shows a schematic drawing of the experimental device used to perform high-precision friction force measurements. An ultra-nanoindentation tester (UNHT³, Anton Paar Tritec, Switzerland) was modified to permit in-situ real contact visualisation during unidirectional linear sliding friction tests. In this friction apparatus, the adhesive tip was kept fixed, while the sample was moved with a sliding motion. To perform the in-situ real contact visualisation, a dedicated optical system was custom-built and incorporated into the equipment. An in-detail description of the in-situ visualisation technique can be found in previous work [START_REF] Kumar | In situ investigation of adhesion mechanisms on complex microstructured biological surfaces[END_REF]. A custom-built electronic system was added to the friction apparatus to facilitate the real-time synchronisation of the exact video frames with the corresponding force data points. A model adhesive tip, namely a PDMS half-sphere of 1.5 mm radius, was manufactured with specific features to achieve the optical necessities for in-situ visualisation. The tip fabrication method is described in detail elsewhere [START_REF] Kumar | In situ investigation of adhesion mechanisms on complex microstructured biological surfaces[END_REF].

The friction test protocol consisted first in mounting the sample on the frictional translation platform, after having attached it on a supporting transparent glass plate, as shown in Fig. 1.

Before each set of friction tests, the sample surface and the adhesive tip (hereinafter referred to as the tip) were gently cleaned with isopropyl alcohol and dried with pressurised air. The balancing of the double cantilever beams was conducted after the tip had been fixed with the force head. The tip was brought close to the sample surface and was then slowly brought into contact with the surface. The load is gradually increased up to the given normal load (F n ). At this stage, the focus of the objective lens was adjusted manually for sharp real contact monitoring. Subsequently, the sliding step was triggered to move the friction stage at a pre-set sliding speed (V) for a sliding distance of 2500 µm. With this apparatus, both the normal load and speed could be maintained as constants, throughout the chosen sliding distance. The tangential friction force (F t ) between tip and sample surface was measured and recorded at an acquisition rate of 100 Hz (so as the normal load). As the micro-structured surfaces contained a highly irregular height distribution, the objective lens focus needed to be adjusted at various stages during the sliding phase. All friction measurements were carried out in a climatecontrolled room at a temperature of 22 ± 3°C and relative humidity of 50% ± 10%. 3 Results and discussion:

Surface morphology of PDMS replicas:

PDMS replicas from all three plant leaf surfaces were prepared by following a two-step replication technique as presented in previously [START_REF] Kumar | Straightforward and precise approach to replicate complex hierarchical structures from plant surfaces onto soft matter polymer[END_REF]. This technique produces plant leaf replicas with the PDMS elastomer with high precision and fidelity [START_REF] Kumar | Replicating the complexity of natural surfaces: technique validation and applications for biomimetics, ecology and evolution[END_REF]. SEM surface images of all three PDMS replicas after the n-heptane treatment are presented in Fig. 2. The SEM investigation confirmed that all the replicas were obtained from plant leaves precisely and also all three PDMS replicas perfectly maintained their topographies after the n-heptane treatment, although the latter included swelling and de-swelling phases. For convenience, only genus names are used hereafter when referring to the PDMS replica samples: Ludisia replica for the PDMS replica of L. discolor, Hevea replica for H. brasiliensis, and Litchi replica for L. chinensis. 

Friction force characteristics:

Friction investigations were performed on each PDMS replica and on the smooth PDMS surface. Experiments were conducted at four different locations on different samples for each surface type. The typical coefficient of friction, normal and friction forces are presented versus the sliding distance in Fig. 3 (representative friction experiment). It worth to note that no time delay has been seen between any observed event and its corresponding singularity in the friction force signal. The coefficient of friction (COF) was estimated by following Coulomb's friction law, namely COF = tangential friction force (F t ) / normal force (F n ) [START_REF] Bowden | The Friction and Lubrication of Solids[END_REF].

First, in order to investigate the effect of a normal load on friction force characteristics, sliding tests were conducted for six different normal loads, i.e. F n : 0.5, 1.5, 2.5, 3. 

Effect of normal load and real contact dynamics:

Fig. 4 shows representative results obtained for the effect on the friction response of the variation of the normal force on all four surfaces: smooth surface, Hevea replica, Ludisia replica and Litchi replica. The box-plots (shown next to each graph) represent the mean, minima and maxima of COF values, which were calculated by computing the data points in the steady state. The different scaling of the y-axis on all four graphs presented in Fig. 4 should be noted. In a comparison of all the four substrates together (at an identical normal load and sliding speed), the smooth PDMS surface clearly exhibits the highest average friction coefficient (COF ≃ 6.37 at F n = 1.5 mN), which is in agreement with data previously reported in literature [START_REF] Degrandi-Contraires | Sliding friction at soft micropatterned elastomer interfaces[END_REF][START_REF] Xue | Stick-slip friction of PDMS surfaces for bioinspired adhesives[END_REF]. Fig. 4 also reveals that, for each substrate, the COF decreases with an increase in the normal load. However, the rate of reduction in friction coefficient changes between the surfaces tested. As shown in Fig. 4.a, the behaviour of the friction coefficient curve on smooth PDMS could be observed continuously with low noise for all normal loads (0.5 to 5.5 mN). The non-linear decay of COF with the increase in the normal load can be understood by considering the evolution of the real contact area resulting largely from the sphere/plane contact, a phenomenon that has also been observed and discussed by Zhang et al. [START_REF] Zhang | Scratching behavior of elastomeric poly (dimethylsiloxane) coatings[END_REF] and Yashima et al. [START_REF] Yashima | Normal contact and friction of rubber with model randomly rough surfaces[END_REF].

reveal moments of interest during sliding. White arrows indicate various points of interest (see text). Scale bars are the same for each surface type as shown on the respective static image. Sliding front is the same for all tested surfaces, as given for the smooth PDMS.

For smooth PDMS samples, the contact formation during the normal loading stage was circular (circularity parameter ≃ 1) and continuous, as shown in Fig. 5.a. As soon as sliding started, a continuous reduction in real contact area was observed (Fig. 5.a, 5.e and 5.i), reaching a maximum decrease of about 13.1 % of reduction after a certain sliding distance (ca. 150 μm). The reduction represents the effective stiffening of soft polymers on a transition from a static to a kinetic phase [START_REF] Persson | Sliding friction: physical principles and applications[END_REF][START_REF] Moore | On the decrease in contact area for spheres and cylinders rolling on a viscoelastic plane[END_REF]. Moreover, the contact, which was circular during the static stage, turned into an elliptical shape and remained the same for the whole kinetic region.

A similar phenomenon has been described in some previous studies [START_REF] Sahli | Evolution of real contact area under shear and the value of static friction of soft materials[END_REF][START_REF] Waters | Mode-mixity-dependent adhesive contact of a sphere on a plane surface[END_REF][START_REF] Savkoor | The effect of tangential force on the contact of elastic solids in adhesion[END_REF]. The circular to elliptical shape transition took place continuously. Moreover, in our investigation, no stickslip-like instability event [START_REF] Berman | Origin and characterization of different stick-slip friction mechanisms[END_REF] was recorded on the smooth PDMS surface; this applied to all normal loading conditions. A similar reduction behaviour in COF was recorded on Hevea replica surfaces. Interestingly, as can be seen in Fig. 4.b, the reduction in COF is higher for an initial increase in the normal force (from 0.5 mN to 1.5 mN) as compared with the further increase in F n (from 1.5 to 5.5 mN), a behaviour also found for the smooth PDMS surface (Fig. 4.a). With regard to contact dynamics on Hevea replicas, real contact during the early stage of loading took place at the very top of the fine cuticular fold structures (see full in-situ Video 2 in supporting information for more comprehensive understanding). However, at the fully loaded static stage, real contact grew over the individual cells, thus locally making full contacts by the filling/flattening of the sub-micron cuticular folded structures, while leaving the boundaries of the cell out of contact (fine dark lines around the cells in the full contact state), as can be seen in Fig. 5.b. This can be better perceived from the zoomed-in real contact image presented in Fig. 6.a. When sliding was initiated, the cells that were in full intimate contact (puzzle-shaped bright spots) became stretched under the shear stresses and relaxed back after the tip had passed by. The resulting real contact was almost fully intimate and the ratio of real contact area over the apparent area was comparable with that of the contact on smooth PDMS.

Although not obvious on videos, we assume the micro-structures coming into contact (i.e. in front) during the sliding exhibit a continuous contact formation, whereas the separation from the back occurs in a sudden detachment manner, i.e. cell-by-cell. A striking observation that emerged from Hevea replicas was the development of real contact junctions when confronted with the singular topographies, i.e. linear microstructures of connected parallel wrinkles. In particular, when these "lines" (consisting of linearly arranged wrinkles) were aligned in an orientation perpendicular to the sliding direction, a gradual accumulation of microstructures with close contact was formed as can be seen on Fig. 5.f and 5.j (see arrows). Similar effects originating from the relative orientation of microstructures have been observed in previous work [START_REF] Suzuki | Oscillating friction on shape-tunable wrinkles[END_REF][START_REF] Baum | Friction behavior of a microstructured polymer surface inspired by snake skin[END_REF]. This morphological phenomenon affects the friction force response and thus creates semiregular instabilities to sliding resistance as can be seen in the friction coefficient curve (Fig. 4.b). In a qualitative analysis, the distribution of friction fluctuations can be correlated with the morphological distribution of aligned microstructures on Hevea replica surfaces (see Video 2 in supporting information). The fluctuating trends in the friction coefficient curve are more pronounced under lower normal load conditions, as supported by the boxplot in Fig. 4.b. This can be understood by the flattening of fine micro-structures at higher normal load conditions and therefore a diminishing of the obstacles that generate the observed fluctuation trends [START_REF] Rand | Friction of soft elastomeric wrinkled surfaces[END_REF].

The results of friction measurements on Ludisia replicas showed the lowest values of friction coefficients (for the whole normal force range); this can be attributed to its unique surface patterning [START_REF] Singh | A biomimetic approach for effective reduction in micro-scale friction by direct replication of topography of natural water-repellent surfaces[END_REF]. Examination of the in-situ videos recorded for Ludisia replica revealed that the real contacts always formed at the very top of the conical-shaped topographies and resulted in a tremendous reduction in real contact area (ratio of real contact to apparent contact ≃ 7.5 %), as can be visualised in Fig. 5.c. For the static stage, the shape of real individual contacts was circular in shape, as expected. The circular shape of individual real contact smoothly turned into an ellipse-like shape without any evidence of contact instability, as given in Fig. 5.g and 5.k. Based on the observation of the in-situ video (see Video 3 in supporting information), one might think that the micro-topographies on the Ludisia replicas do not show explicit bending behaviour, but rather shear smoothly in the sliding state. The patterns of the micro-topographies on Ludisia replicas limit the shear strain to the very top of each cone-like micro-topography while withstanding the normal contact pressure highly efficiently. Indeed, the conical shape with a continuous increase of cross-sectional area toward the base is not favourable for the bulk accommodation of the shear and thus leads to its confinement just at the top of each cone-like topography. The friction response observed on Ludisia replicas was continuous; however, noisy behaviour can be noted in the friction plots in Fig. 4.c, particularly under low normal load conditions. This might be related to the non-homogeneous height distribution of its micro-topographies, which ruggedly confront the sliding front of the tip when they come into contact with each other. Moreover, the decrease in COF with increase in F n for Ludisia replicas (Fig. The friction characteristics of Litchi replicas demonstrated fluctuating behaviours that were most pronounced for the lowest normal load (F n = 0.5 mN). Moreover, the reduction in COF with an increase in normal load also followed a similar trend to that noted for Hevea and smooth replicas. Some noteworthy events were recognised while examining in-situ videos (see Video 4 in supporting information) of Litchi replicas. At first, the real contact regions were distributed randomly during the loading stage (Fig. 5.d and 6.ii), which obviously was attributable to its highly irregular and heterogeneous surface morphology. Due to the optical limitation of the visualization system in the case of Litchi replica, just a qualitative description of contact area distribution was possible. A slight increase in the optical contrast of real contact junctions was observed as soon as the sliding began, as can be seen in Video 4.

During this sliding step, contact evolution on Litchi replicas followed a highly random pattern formation. Furthermore, the overhanging patterns (rose-flower shapes) of Litchi replicas, as far as we could see, significantly influenced the friction response. These patterns might store energy because of their deformation under shear forces [START_REF] Murarash | Tuning elastomer friction by hexagonal surface patterning[END_REF]. Indeed, contrary to the sliding behaviour observed for Ludisia replicas where the shear was confined at the very top of its conical topographies, the kink in the overhanging patterns of the Litchi replicas favoured the full bending of its micro-structures. As a consequence, the shear accommodation involved a higher thickness in Litchi replicas than in Ludisia replicas relative to the height of their microstructures. The micro-patterns on Litchi replicas, which came in contact in front and out of contact at the rear of the tip (and then randomly released the stored energy), led to a nonsmooth friction behaviour in this type of surface topology (Fig. 4.d).

Effect of sliding speed:

The results obtained from the investigation of the influence of sliding speed on the friction characteristics for all four surfaces are presented in Fig. 7, in which the overall average COF (for the steady state with a constand normal load of F n = 1.5 mN) are plotted as a function of the sliding speed. The results demonstrate a clear dependency of the friction coefficient on the sliding speed. This is contrary to Coulomb's law of friction, which states that the friction coefficient should be independent of the sliding speed [START_REF] Bowden | The Friction and Lubrication of Solids[END_REF], but has been reported many times in literature, notably for soft adhesive sliding contacts [START_REF] Schallamach | The velocity and temperature dependence of rubber friction[END_REF][START_REF] Cross | Increase in friction force with sliding speed[END_REF][START_REF] Bahadur | The viscoelastic nature of the sliding friction of polyethylene, polypropylene and copolymers[END_REF][START_REF] Popov | Generalized master curve procedure for elastomer friction taking into account dependencies on velocity, temperature and normal force[END_REF][START_REF] Barquins | Sliding friction of rubber and Schallamach waves-a review[END_REF]. In Fig. 7, the COF increases with a rise in the sliding speed for all four tested surfaces. These results suggest that the observed friction characteristics are a speed-dependence phenomenon attributable to the viscoelastic nature of the polymeric materials that are in contact. Several researchers have previously observed this phenomenon [START_REF] Vaenkatesan | Adhesion and friction behaviours of polydimethylsiloxane -A fresh perspective on JKR measurements[END_REF][START_REF] Schallamach | The velocity and temperature dependence of rubber friction[END_REF][START_REF] Cross | Increase in friction force with sliding speed[END_REF][START_REF] Bahadur | The viscoelastic nature of the sliding friction of polyethylene, polypropylene and copolymers[END_REF][START_REF] Popov | Generalized master curve procedure for elastomer friction taking into account dependencies on velocity, temperature and normal force[END_REF][START_REF] Barquins | Sliding friction of rubber and Schallamach waves-a review[END_REF][START_REF] Zhang | Friction, damage and stick-slip in the scratching of polymers[END_REF][START_REF] Mclaren | Visco-elastic properties and the friction of solids: friction of polymers: influence of speed and temperature[END_REF]. Moreover, back in 1963, pioneering research by Grosch [START_REF] Grosch | The relation between the friction and visco-elastic properties of rubber[END_REF] established two key mechanisms contributing to the friction on rubber: first, the adhesion between the substrate surface and the tip and, second, the energy loss arising from material deformation. Such an effect has subsequently been demonstrated by other researchers [START_REF] Nguyen | Friction of rubber with surfaces patterned with rigid spherical asperities[END_REF][START_REF] Zhang | Scratching behavior of elastomeric poly (dimethylsiloxane) coatings[END_REF][START_REF] Barquins | Sliding friction of rubber and Schallamach waves-a review[END_REF]. The frictional force (and friction coefficient) dependence on sliding speed can be directly related to the frequency dependence of the viscoelastic loss (modulus) of polymeric materials [START_REF] Barquins | Sliding friction of rubber and Schallamach waves-a review[END_REF][START_REF] Grosch | The relation between the friction and visco-elastic properties of rubber[END_REF][START_REF] Barquins | Rubber friction and the rheology of viscoelastic contact[END_REF][START_REF] Klein | Friction properties of acryliccarboxylated latex films-1: Effects of acrylic acid concentration and pH[END_REF]. For a qualitative comparison of speed-dependent friction trends, key values of friction coefficients along with the corresponding increment (normalised by COF value at the slowest speed) are presented in Table 1. As can be seen in Fig. 7.a for smooth PDMS surfaces, the evolution of the friction coefficient shows a linear behaviour over the whole (log) speed range investigated. At the slowest sliding speed (V = 1.67 µm/s), the COF is 5.39, which increases by around 51 % to a COF of 8.13 at the fastest speed (V = 833.34 µm/s). By using the sliding speed (V) and the diameter (2a) of real contact, one can estimate a characteristic frequency of friction by following the relationship f ≃ V/2a, where 2a can be measured from the in-situ real contact videos [START_REF] Zhang | Scratching behavior of elastomeric poly (dimethylsiloxane) coatings[END_REF][START_REF] Klein | Friction properties of acryliccarboxylated latex films-1: Effects of acrylic acid concentration and pH[END_REF]. This provides an approximate frequency range varying from 0.003 to 1.3 Hz for our friction experiments, a value that can be interpreted as representing the frequency corresponding to a full loading-unloading cycle undergone by a single point of the material. To gain a better understanding, we further extended this analysis by comparing the speed (frequency) dependence friction behaviour with the PDMS loss factor plot. The results obtained from the dynamic mechanical thermal analysis (DMTA) of PDMS, performed at room temperature, is plotted as the loss factor versus the frequency and is shown in Fig. 8. As expected, the loss factor increases with an increase in frequency in DMTA analysis.

However, a quantitative comparison between the increase in COF on a smooth PDMS surface (Fig. 7.a) against the increase in loss factor (Fig. 8), over the same frequency interval, revealed an unexpected deviation. The increment in COF was lower than anticipated, which seems to differ from previous similar studies by Zhang et al. [START_REF] Zhang | Scratching behavior of elastomeric poly (dimethylsiloxane) coatings[END_REF] and Klein et al. [START_REF] Klein | Friction properties of acryliccarboxylated latex films-1: Effects of acrylic acid concentration and pH[END_REF] in which a close quantitative agreement between the loss factor and friction coefficient increment was shown. However, the investigations of Zhang et al. [START_REF] Zhang | Scratching behavior of elastomeric poly (dimethylsiloxane) coatings[END_REF] and Klein et al. [START_REF] Klein | Friction properties of acryliccarboxylated latex films-1: Effects of acrylic acid concentration and pH[END_REF] were carried out for a different system (contact of a hard material tip against a polymeric thin film coated onto a rigid substrate) and additionally on very high load conditions. In our opinion, a possible interpretation of this unexpected behaviour on smooth PDMS can be explained by the high adhesive response between the soft-soft interaction, especially in a low normal force range as used in our studies.

Interestingly, the Ludisia and Litchi replicas revealed a higher increase of COF by 90.79 % and 54.63 % respectively, as reported in Table 1. This result might be attributed to their micro-structures, which significantly reduce the interfacial adhesion, as found in a previous study [START_REF] Kumar | In situ investigation of adhesion mechanisms on complex microstructured biological surfaces[END_REF]. This possibility holds if we consider the interfacial adhesion as being speed independent, which can reasonably be assumed in our opinion. As a consequence, the other contribution induced by the shear may cause a relativly larger dependence on the sliding speed. Moreover, because some patterns are not inclined to bend easily, Ludisia replicas, for example, may confine the shear stress to only a few extremities of the conical topographies and therefore increase the strain locally. Finally, the resulting dissipated energy might be important in the case of Ludisia replicas, although the volume involved in the process may be smaller. Consequently, the thickness of the surface involved in high shear is certainly lower than in other microstructures such as in the Litchi replica case in which the rose-flowershaped patterns can bend easily and accommodate the shear within a relatively large thickness inducing probable lower strain locally. Of note, the COF increment for the Litchi replica and the smooth surface show almost a similar behaviour (Fig. 7.a and Fig. 7.d), although the friction coefficient over the whole tested sliding speed range (1.67 µm/s to 833.34 µm/s) is significantly lower for the Litchi replica (2.09 to 3.24) than for the smooth surface (5.39 to 8.13). These findings on Litchi replicas might have implications for specific engineering systems requiring such friction response with a lower adhesion contribution, while maintaining the same COF increment with an increase in sliding speed, as recorded for the smooth surface. Possibly, the easy bending of bunchy overhanging patterns with a kink, as in the Litchi replicas, is likely to diminish the effective stiffening, contrary to the patterns of Ludisia replicas. Concerning the friction response on Hevea replica, the increase in COF is, at 13.37 %, significantly smaller compared with those of the other tested surfaces. The friction response from Hevea replicas shows that a linear fit for all COF data points is not meaningful.

Therefore, two separate linear fits were applied (Fig. 7.b). In the first phase, an increase with a rate of 13.37 % was observed for a sliding speed of 1.67 µm/s to 16.67 µm/s, whereas, in the next phase from 41.67 µm/s onwards, the gain in COF was almost saturated and could be well fitted with a horizontal line. This "abnormal" behaviour of Hevea replicas can possibly be represented by two distinct rheo-stiffening macroscopic regimes induced locally by its fine micro-structures. In the first phase at slow speed, the structurally induced stiffening leads to a slow increase in the friction coefficient. However, after an intermediate transition, i.e. at higher speeds, the fine micro-structured folds might behave as a fully stiffened floating bed for the sliding tip and thus result in a saturated friction increment. The speed-dependent friction behaviour of the Hevea replica will be considered in future research and examined more closely in order to explore the local role of microstructure on the global-scale response.

Conclusions:

This study presents a detailed sliding friction investigation into complex biological leaf surface morphologies directly replicated from original plant leaf surfaces. We have systematically studied the effect of increasing normal loading and sliding speed on the friction characteristics between such surfaces and a soft tip. An overall comparison of the representative friction responses for all four tested surfaces is shown in the graph in Fig. 9. For any normal load condition, the Ludisia replica (coarse structuring) and the Litchi replica (complex morphologies) significantly lowered the friction as compared with that of smooth PDMS and the Hevea replica (fine micro-structures). All four surfaces showed a decrease in COF with an increase in normal load and each surface exhibited a distinct COF reduction behaviour. Our examination of in-situ videos revealed the specific sliding dynamics that arose from each surface topography and its contribution to the various fluctuating events on the friction response. Furthermore, a clear dependence on the sliding speed of the friction response was recorded for all surfaces. On increasing the sliding speed (frequency), the friction coefficient also increased. However, each surface showed differences in the magnitude of the increment and a distinct increment behaviour. To understand the speed dependence friction dynamics better, the friction response was explored in the light of the loss factor characteristics of standard PDMS material over the same frequency range. These results were discussed as a function of material properties and surface morphology. In a comparison of all surfaces, the Ludisia replica demonstrated the lowest friction coefficient, because of its unique conical-shaped pattern, which tremendously reduced the real contact area. Our studies demonstrated the importance of local strain induced by various micro-structures in the diverse friction increments measured. The shape of surface structures found to be a strategic aspect for tuning friction properties. The conical-shaped structures of Ludisia replica showed a stiffening effect whereas the bunchy overhanging patterns of the Litchi replica favour large material distortion under shearing. The understanding of these friction behaviours, arising from complex biological surface morphologies, as developed in this work, should serve as an input to the design of fine-tuned bio-inspired functional surfaces. This work notably points out that the surface stress distribution might be of prior interest in further studies: this topic might greatly benefit from investigating the local scale contribution (including complex hierarchical patterning) to the overall friction response. A numerical approach might bring a valuable contribution in this respect.
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Fig. 1 .

 1 Fig. 1. Experimental setup: the friction force tester with in-situ real contact visualisation. The sample was mounted on the sliding stage, which provided fine controlled linear motion. After being passed through optical lenses and a linear polariser, white light was shone onto the tip opening. A long working distance objective lens together with a high definition camera system was placed under the polariser and the glass plate holding the sample.

Fig. 2 .

 2 Fig. 2. Scanning electron microscopy images of n-heptane-treated PDMS replicas that were replicated directly from original plant leaves by following a two-step replication technique (Epoxy-PDMS). (a) Hevea brasiliensis (adaxial surface) exhibits very fine wrinkle-shaped folds, (b) Ludisia discolor (adaxial side) has circular cone-like topographies and (c) Litchi chinensis (abaxial surface) shows highly complex hierarchical structuring with overhanging sub-patterns.

  Fig.3. In the following two sub-sections, we present and discuss the results of the effect of the normal load and an analysis of real contact dynamics and, later, the influence of sliding speed on friction characteristics.

Fig. 3 .

 3 Fig. 3. Representative graph of a typical friction force measurement on a smooth PDMS sample at a sliding speed (V) of 16.67 µm/s and a normal load (F n ) of 1.5 mN. The coefficient of friction was calculated as a ratio of the recorded friction force to the controlled normal load.

Fig. 4

 4 Fig. 4 Coefficient of friction versus sliding distance for all four surfaces investigated. The sliding speed was kept constant (V = 16.67 µm/s) for all tests. (a) Smooth surface, (b) Hevea replica, (c) Ludisia replica and (d) Litchi replica. Box plots were generated by considering the data points after a 750-µm sliding distance. The colour coding of symbols for different loading conditions is the same for

  Fig. 5 demonstrates the real in-situ real contact pattern at various stages during the sliding tests on each surface at a normal load of 1.5 mN and at a sliding speed of 16.67 µm/s. Full videos for the entire test cycle can be found in the supporting data (Videos 1 to 4).

Fig. 5

 5 Fig.[START_REF] Lu | A novel surface texture shape for directional friction control[END_REF] In-situ real contact images during the sliding friction tests on all four substrates at a normal load of 1.5 mN and a sliding speed of 16.67 µm/s. From top; smooth surface (a,e,i), Hevea replica (b,f,j), Ludisia replica (c,g,k) and Litchi replica (d,h,l). First column images represent the contact pattern at a static state (under full normal load), just before the sliding is initiated, whereas the two other columns

Fig. 6

 6 Fig. 6 High-resolution zoomed-in view of in-situ contact images at a normal load of 1.5 mN for better visualisation and comprehension of the regions in contact and out of contact. (a) Hevea replica, (b) Litchi replica.

  4.c) is less pronounced than in the case of the smooth PDMS (Fig. 4.a) or Hevea replicas (Fig. 4.b).

Fig. 7

 7 Fig. 7 Plots of the coefficient of friction as a function of sliding speed (V) for all four surfaces, keeping the normal load constant (F n = 1.5 mN). (a) Smooth surface, (b) Hevea replica, for which two incremental phases can be discerned, (c) Ludisia replica and (d) Litchi replica. The friction coefficient values were estimated by calculating the arithmetic mean of the force data points after a sliding distance of about 750 µm. Dashed lines represent linear fitted curves.

Fig. 8

 8 Fig. 8 Plot for the loss factor as a function of frequency for the PDMS material at a reference room temperature (22 ± 3°C).

Fig. 9

 9 Fig. 9 Overall comparison of the coefficient of friction (COF) as a function of sliding distance for all four surfaces investigated. All curves are plotted for a constant normal load (1.5 mN) and sliding speed (16.67 µm/s). Box plots at the end of each plot are plotted for the data points in the sliding steady state.

  5, 4.5 and 5.5 mN, at a constant sliding speed of 16.67 µm/s. Second, the sliding speed influence on friction response was investigated by varying the sliding speed over more than three powers of ten, i.e. V= 1.67, 8.34, 16.67, 41.67, 83.34, 166.67, 416.67 and 833.34 µm/s, but keeping the normal load constant (F

n = 1.5 mN). All tests were performed over a constant sliding distance (2500 µm). To calculate the average friction coefficient, data points were considered only in the steady state regime (i.e. after a 750-µm sliding distance), as marked in

Table 1

 1 Average friction coefficient values at slowest and highest sliding speeds, along with the normalised increment of friction coefficient for all four surfaces.

	Surface type	Coefficient of friction (COF)	Normalised COF increment
		Speed, 1.67 µm/s 833.34 µm/s	
	Smooth PDMS	5.39	8.13	50.71 %
	Hevea replica	5.75	6.71	Phase 1: 13.37 %
				Phase 2: 0.27 %
	Ludisia replica	0.91	1.73	90.79 %
	Litchi replica	2.09	3.24	54.63 %
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